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SENSORY DYNAMICS OF SPEAKER RECOGNITION 
CHAPTER I 
INTRODUCTION
M an-com puter s y m b io s is  i s  an e x p e c te d  d ev e lo p m en t 
in  c o o p e r a t i v e  i n t e r a c t i o n  be tw een  men and e l e c t r o n i c  com­
p u t e r s ,  L i c k l i d e r  (1 9 6 0 )  f i r s t  d e s c r i b e d  t h i s  s y m b io t i c  
p a r t n e r s h i p .  He n o te d  s e v e r a l  p r e r e q u i s i t e s  f o r  t h e  a c h i e v e ­
ment o f  e f f e c t i v e ,  m an-m achine  s y s te m s ,  one o f  w h ich  was 
deve lopm en t in  i n p u t  and o u t p u t  eq u ip m en t o r ,  a s  i t  i s  se en  
from  t h e  human o p e r a t o r ' s  p o i n t  o f  v iew , d i s p l a y s  and c o n ­
t r o l s .  R e se a rc h  now e m erg in g  in  t h e  l a b o r a t o r y  p ro m is e s  
t r a n s f o r m a t i o n  i n  i n p u t  and o u tp u t  e q u ip m en t  t h a t  c an  e x te n d  
m a n 's  c a p a b i l i t i e s  and i n c r e a s e  h i s  p r o d u c t i v i t y .  T h is  
r e s e a r c h  i s  m an-m achine  com m unica tion  by v o i c e .
Speak er  r e c o g n i t i o n  and sp e e c h  r e c o g n i t i o n  sy s te m s  
comm unicate by v o i c e  from  t h e  u s e r  t o  t h e  m ac h in e .  F o r 
s p e a k e r  r e c o g n i t i o n ,  t h e  t a s k  o f  t h e  sy s te m  i s  e i t h e r  t o  
v e r i f y  a sp e a k e r  ( i . e . ,  a y e s -n o  d e c i s i o n  a s  t o  w h e th e r
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t h e  s p e a k e r  i s  who he c la im s  t o  b e ) ,  o r  t o  i d e n t i f y  th e  
s p e a k e r  from  some known e n se m b le .  The b a s i c  t a s k  o f  a sp e e c h  
r e c o g n i t i o n  sys tem  i s  e i t h e r  t o  r e c o g n i z e  t h e  e n t i r e  spoken  
u t t e r a n c e  e x a c t l y  ( i . e . ,  a  p h o n e t i c  o r  o r t h o g r a p h i c  speech »  
t o - t e x t  t y p e w r i t e r  t y p e  o f  s y s te m ) ,  o r  e l s e  t o  u n d e r s t a n d  
t h e  spoken u t t e r a n c e  ( i . e . ,  t o  r e s p o n d  i n  some c o r r e c t  
m anner t o  w hat was s p o k e n ) .  The c o n c e p t  o f  u n d e r s t a n d in g  
r a t h e r  th a n  r e c o g n i z i n g  t h e  u t t e r a n c e  i s  o f  m ost im p o r ta n c e  
f o r  sy s te m s  w hich  d e a l  w i t h  f a i r l y  l a r g e  v o c a b u l a r y ,  
c o n t in u o u s  sp e ec h  i n p u t ;  w h e re a s  t h e  c o n c e p t  o f  e x a c t  
r e c o g n i t i o n  i s  o f  m ost im p o r ta n c e  f o r  l i m i t e d  v o c a b u la r y ,  
s m a l l  s p e a k e r  p o p u l a t i o n ,  i s o l a t e d  word s y s te m s .  The i d e a l  
sy s te m  o f  t h e  f u t u r e  w i l l  o p e r a t e  w i t h  b o t h  s p e a k e r  and 
sp e e c h  r e c o g n i t i o n  f u n c t i o n s .
W ith  t h e s e  sy s tem  d i s t i n c t i o n s  i n  m ind , t h e  i n t e n t  
o f  t h e  p r e s e n t  d i s s e r t a t i o n  i s  t o  p r o v i d e  an e m p i r i c a l  
s u rv e y  o f  t h e  p rob lem s and p r o g r e s s  o f  s p e a k e r  r e c o g n i t i o n  
and t o  exam ine t h e  e f f e c t s  o f  s p e a k in g  e f f o r t  and n o i s e  upon 
s p e a k e r  r e c o g n i t i o n  p e rfo rm a n c e  f o r  human l i s t e n i n g .
P eo p le  sp e ak  more lo u d ly  in  a n o i s y  e n v iro n m e n t ,  o r  
when m o m e n ta r i ly  d e a f e n e d ,  and more s o f t l y  i n  a q u i e t  room 
o r  when s id e to n e  i s  a r t i f i c i a l l y  i n c r e a s e d .  In  1911 t h e  
F re n ch  o t o r h i n o l a r y n g o l o g i s t  Lombard d e s c r i b e d  q u a l i t a t i v e l y  
t h i s  r e l a t i o n  be tw een  t h e  dynam ics o f  l i s t e n i n g  and s p e a k in g .  
What he  o b se rv e d  h a s  come t o  be known a s  t h e  Lombard r e f l e x .  
L om bard 's  d i s c o v e r y  and h i s  s u b s e q u e n t  f i n d i n g s  w ere  im p o r ta n t
b e c a u s e  o f  t h e i r  c o n t r i b u t i o n  t o  s e v e r a l  a r e a s  o f  s c i e n t i f i c  
i n q u i r y ,  one o f  w h ich  was th e  a n a l y s e s  o f  sp e e c h  communica­
t i o n  in  n o i s e .  The p r e s e n t  s tu d y  was u n d e r t a k e n  i n  o r d e r  t o  
exam ine  t h e  im p o r ta n c e  o f  t h r e e  s p e a k in g  e f f o r t s  f o r  t h e  
d i s c r i m i n a t i o n  o f  s p e a k e r s  i n  a m b ie n t  o r  b ro a d -b a n d  n o i s e .
I t  i s  f e l t  t h i s  human p e rfo rm a n c e  d a t a  w i l l  c o n t r i b u t e  
t h e o r e t i c a l  i n f o r m a t io n  c o n c e rn in g  how humans r e c o g n iz e  
v o i c e s  and w i l l  i n d i c a t e  t h e  p e r fo rm a n c e  o f  m achine  v e r i f i ­
c a t i o n  o f  t a l k e r s  i n  n o i s e .
The p u rp o se  o f  t h i s  d i s s e r t a t i o n  i s  t o  i n v e s t i g a t e :
1. W hether a  c o n s t a n t  s p e e c h - t o - n o i s e  r a t i o  w i l l  
r e s u l t  i n  s i m i l a r  s p e a k e r  r e c o g n i t i o n  s c o r e s  f o r  n o rm a l-  
n o rm a l ,  s h o u t - s h o u t ,  and w h is p e r - w h is p e r  s p e a k in g  e f f o r t  
c o m p a r is o n s ,
2 .  W hether t h e r e  i s  an  optimum s p e a k in g  e f f o r t  
c o m p a r iso n  f o r  s p e a k e r  r e c o g n i t i o n  w i t h  h ig h  n o i s e  l e v e l s ,  and
3 . W hether a  c o n s t a n t  s p e e c h - t o - n o i s e  r a t i o  w i l l  
r e s u l t  i n  s i m i l a r  r e c o g n i t i o n  s c o r e s  f o r  n o r m a l - s h o u t ,  
w h i s p e r - n o r m a l ,  and w h i s p e r - s h o u t  s p e a k in g  e f f o r t  c o m p a r is o n s .
The b a la n c e  o f  t h i s  work i s  d i v i d e d  i n t o  f o u r  
c h a p t e r s .  In  t h e  f o l lo w in g  two c h a p t e r s  s p e a k e r  r e c o g n i t i o n  
r e s e a r c h  by l i s t e n i n g  and m achine  a n a l y s i s  i s  re v ie w e d .  The 
f o u r t h  c h a p t e r  d e s c r i b e s  t h e  e x p e r i m e n t a l  m ethods f o r  d a t a  
c o l l e c t i o n ,  w h i l e  t h e  f i n a l  c h a p t e r  p r e s e n t s  t h e  r e s u l t s  and 
d i s c u s s i o n  o f  t h i s  r e s e a r c h .  Recom m endations a r e  su g g e s te d  
f o r  m achine p e r fo rm a n c e .
CHAPTER I I  
SPEAKER RECOGNITION SYSTEM: MAN
S p e a k e r  r e c o g n i t i o n  i s  b r o a d ly  d e f i n e d  a s  "any  
d e c i s io n -m a k in g  p r o c e s s  t h a t  u s e s  th e  s p e a k e r -d e p e n d e n t  
f e a t u r e s  o f  t h e  sp e e c h  s i g n a l "  (H e ck e r ,  1971, p . 2 ) .  T here  
a r e  two b a s i c  r e c o g n i t i o n  t a s k s :  i d e n t i f i c a t i o n  and d is c r im i*
n a t i o n .  In  t h e  i d e n t i f i c a t i o n  t a s k ,  an a t t e m p t  i s  made t o  
i d e n t i f y  t h e  s p e a k e r  o f  a p a r t i c u l a r  sam ple o f  s p e e c h .  An 
exam ple o f  i d e n t i f i c a t i o n ,  g iv e n  by Brown (19 79 , p . 7 3 9 ) ,
"would be t h e  s i t u a t i o n  w h ere  you a r e  in  a room w i t h  a number 
o f  o t h e r  p e o p le .  H aving  tu r n e d  y o u r  b a ck ,  you h e a r  somebody 
s p e a k .  The v o ic e  w i l l  t h e r e f o r e  c o r r e s p o n d  t o  one  o f  t h e  
p e o p le  i n  t h e  room ."  The d i s c r i m i n a t i o n  t a s k ,  c l a s s i f i e d  by 
some r e s e a r c h e r s  a s  a d i f f e r e n t i a t i o n  o r  s a m e - d i f f e r e n t  t a s k ,  
a lw ays in v o lv e s  two sp e e c h  sa m p le s .  The l i s t e n e r  m ust d e c id e  
a s  t o  w h e th e r  t h e  sp e e c h  sam ples  w ere  p ro d u ced  by t h e  same 
t a l k e r  o r  by d i f f e r e n t  t a l k e r s .  Brown (1979 , p . 739) s u g g e s t s  
an exam ple o f  d i s c r i m i n a t i o n
i s  a  s i t u a t i o n  w here  you t e l e p h o n e  an o f f i c e  and a r e
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c o n n e c te d  i n i t i a l l y  t o  t h e  s w i tc h b o a rd  o p e r a t o r .  H aving 
a sk e d  t o  be p u t  th r o u g h  t o  a c e r t a i n  e x t e n s i o n ,  you  th e n  
w a i t .  The n e x t  v o i c e  t o  be  h e a r d  may be e i t h e r  a 
d i f f e r e n t  one (an  unknown v o ic e  r e p l y i n g  on t h e  r e q u i r e d  
e x t e n s i o n ) ,  o r  t h e  same one ( t h e  s w i tc h b o a rd  o p e r a t o r ,  
t o  t e l l  you t h a t  she  c a n n o t  g e t  a r e p l y  on t h a t  
e x t e n s i o n ) .
A p r a c t i c a l  a p p l i c a t i o n  o f  b o th  r e c o g n i t i o n  t a s k s  i s  
c a l l e d  s p e a k e r  v e r i f i c a t i o n  ( a l s o  known a s  a u t h e n t i c a t i o n  o r  
v a l i d a t i o n ) .  A s p e a k e r  i s  s a i d  t o  be v e r i f i e d  i f  h i s  c la im e d  
i d e n t i t y  a s  an i n d i v i d u a l  o r  a s  a member o f  a g ro u p  i s  co n ­
f i rm e d  by a  r e c o g n i t i o n  t a s k .  V e r i f i c a t i o n  t a s k s  r e q u i r e  
t h a t  s t r o n g  e x p e c t a t i o n s  be had  a s  t o  t h e  i d e n t i t y  o f  t h e  
v o i c e .  One common exam ple o f  a v e r i f i c a t i o n  t a s k  o c c u r s  in  
t h e  c o u r t ro o m , w here  a  w i t n e s s  i s  r e q u i r e d  t o  r e c o g n i z e  t h e  
v o ic e  o f  one s p e c i f i c  s u s p e c t  ( T o s i ,  1 9 7 5 ) .
The re m a in d e r  o f  t h i s  c h a p t e r  c o n s i s t s  o f  t h r e e  
s e c t i o n s .  The f i r s t  s e c t i o n  d i s c u s s e s  t h e  n a t u r e  o f  s p e a k e r  
v a r i a b i l i t y .  The second  s e c t i o n  r e v ie w s  t h e  f i v e  o p e r a t i o n a l  
e le m e n ts  o f  a s p e a k e r  r e c o g n i t i o n  e x p e r im e n t .  The f i n a l  
s e c t i o n  a n a ly z e s  t h e  p e r c e p t u a l  b a s e s  o f  s p e a k e r  r e c o g n i t i o n .
S o u rc e s  o f  S p e a k e r  V a r i a b i l i t y
I t  i s  w e l l  known t h a t  t h e  p r o n u n c i a t i o n  o f  a  g iv e n  
word o r  p h r a s e  t e n d s  t o  v a r y  from  s p e a k e r  t o  s p e a k e r .  
A c o u s t i c a l  a n a ly s e s  o f  u t t e r a n c e s  by s e v e r a l  s p e a k e r s  t y p i ­
c a l l y  r e v e a l  many d i s s i m i l a r i t i e s .  T h is  e f f e c t  i s  c a l l e d  
i n t e r s p e a k e r  (b e tw een  s p e a k e r s )  v a r i a b i l i t y .  I t  c an  be
a t t r i b u t e d  in  p a r t  t o  o r g a n i c  d i f f e r e n c e s  in  t h e  s t r u c t u r e  
o f  t h e  v o c a l  m echanism  and  i n  p a r t  t o  l e a r n e d  d i f f e r e n c e s  in  
t h e  u s e  o f  t h e  v o c a l  m echanism  d u r i n g  s p e e c h  p r o d u c t i o n  
(G a rv in  and L ad e fo g ed , 1 9 6 3 ) .
Not so  w e l l  known i s  t h e  f a c t  t h a t  t h e  same s p e a k e r  
r a r e l y  u t t e r s  a g iv e n  word tw ic e  i n  e x a c t l y  t h e  same way, 
even  when t h e  u t t e r a n c e s  a r e  p ro d u ce d  i n  s u c c e s s i o n .  T h is  
i s  c a l l e d  i n t r a s p e a k e r  ( w i t h i n  s p e a k e r )  v a r i a b i l i t y .  The 
s u c c e s s  o f  an y  m ethod o f  s p e a k e r  r e c o g n i t i o n  d e p en d s  on th e  
d e g re e  t o  w h ic h  t h e  sam pled  i n t e r s p e a k e r  v a r i a b i l i t y  i s  
g r e a t e r  th a n  t h e  sam pled  i n t r a s p e a k e r  v a r i a b i l i t y .
T h is  s e c t i o n  c o n s i s t s  o f  two m a jo r  t o p i c s .  The 
f i r s t  t o p i c  o u t l i n e s  t h e  a c o u s t i c  c o r r e l a t e s  o f  s p e e c h  
s o u n d s .  The seco n d  t o p i c  i l l u s t r a t e s  some e x p e r i m e n t a l  
s t u d i e s  w h ich  p r o v id e  d i r e c t  and i n d i r e c t  e v id e n c e  o f  
i n t e r s p e a k e r  and i n t r a s p e a k e r  v a r i a b i l i t y .
A c o u s t i c  C o r r e l a t e s  o f  S p eech  Sounds
The a c o u s t i c  m a n i f e s t a t i o n s  o f  b a s i c  sp e e c h  u n i t s  
a r e  p r e s e n t e d  i n  t h e  f o l l o w in g  p a r a g r a p h s .  No a t t e m p t  i s  
made t o  p r o v id e  an e x h a u s t i v e  i n v e n t o r y  o f  t h e s e  c o r r e l a ­
t i o n s .  The o b j e c t i v e  i s  i n s t e a d  t o  h i g h l i g h t  t h e  p r im a ry  
s o u r c e s  o f  s p e a k e r  v a r i a b i l i t y  o f  i n t e r e s t  f o r  s p e a k e r  
r e c o g n i t i o n  r e s e a r c h .
The E n g l i s h  la n g u a g e  em ploys an i n v e n t o r y  o f  a b o u t
f o r t y  t o  f o r t y - f i v e  d i s t i n c t i v e l y  d i f f e r e n t  sp e e c h  -sounds 
o r  phonemes, w hich  may be a s s o c i a t e d  w i t h  t h e  a c o u s t i c a l  
c h a r a c t e r i s t i c s  o f  sp e e c h  in  many w ays . Two o f  t h e  m ost 
im p o r t a n t  d e s c r i p t i v e  c a t e g o r i e s  a r e  manner o f  a r t i c u l a t i o n  
( e . g . ,  vow el, s i b i l a n t ,  and n a s a l )  and l a r y n g e a l  a c t i o n  
( e . g . ,  v o i c e l e s s ,  w h i s p e r e d ,  and v o i c e d ) .  Each a t t e m p t  a t  
u t t e r i n g  th e  same phoneme may r e s u l t  in  a  s l i g h t l y  d i f f e r e n t  
a c o u s t i c a l  s i g n a l .  Such a c o u s t i c  v a r i a t i o n s  in  sp e ec h  
sou nds  a r e  c a l l e d  a l l o p h o n e s .
A cco rd in g  t o  S te v e n s  and K l a t t  (1 974 )  t h e  p r i n c i p a l  
p h y s i o l o g i c a l  m a n ip u la t io n s  t h a t  l e a d  to  d i s t i n c t i v e l y  
d i f f e r e n t  a c o u s t i c  o u t p u t s  from t h e  l a r y n x  a r e :  (1 )  a d j u s t ­
m ent o f  t h e  s t i f f n e s s  o r  s l a c k n e s s  o f  t h e  v o c a l  f o l d s ;  ( 2 )  
m a n ip u la t io n  o f  t h e  s t a t i c  o p e n in g  t o  t h e  g l o t t i s ;  and (3 )  
c o n t r o l  o f  e x t e r n a l  v a r i a b l e s  su c h  a s  p r e s s u r e  a c r o s s  t h e  
g l o t t i s .  D uring  n o rm al  and s h o u te d  sp e e c h  p r o d u c t io n  t h e  
g l o t t a l  o p en in g  i s  c l o s e d ,  and t h e  a s s o c i a t e d  sound wave 
ty p e  e m i t te d  from th e  g l o t t a l  s o u r c e  c o n s i s t s  o f  r e g u l a r  
q u a s i - p e r i o d i c  a i r  p u l s e s .  In  c o n t r a s t ,  w h is p e re d  sp e e c h  
p r o d u c t io n  i s  c h a r a c t e r i z e d  by a  n a rro w ed  g l o t t i s  and 
c o n s t r i c t e d  a irw a y  w i t h  t u r b u l e n t  a i r  movement th r o u g h  th e  
g l o t t i s .  The v o c a l  f o l d s  do n o t  v i b r a t e  b u t  a r e  s p re a d  
a p a r t  d u r in g  w h isp e re d  sp e e c h .  I t  i s  th e  d r i v i n g  f o r c e  o f  
t h e  t r a n s g l o t t a l  a i r  p r e s s u r e  w h ic h  c a u s e s  t h e  o p e n in g  and 
c l o s i n g  p a t t e r n s  o f  t h e  v o c a l  f o l d s .  T h is  a c t i o n  r e g u l a t e s  
g l o t t a l  a r e a  changes  and a s s o c i a t e d  waveform s p e c t r a l
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c h a r a c t e r i s t i c s  o f  sp e e c h  sou nds  and s p e a k in g  e f f o r t s .
Changes i n  t h e  i n t e n s i t y  o f  sound ( p e r c e i v e d  a s  
c h a n g e s  in  lo u d n e s s )  a r e  a c h ie v e d  by d e c r e a s i n g  t h e  d u ty  
c y c l e  o f  th e  g l o t t a l  a r e a  p a t t e r n .  The d u ty  c y c l e  i s  th e  
p e r c e n ta g e  o f  t im e  t h e  g l o t t i s  i s  open d u r in g  eac h  v i b r a t o r y  
c y c l e .  As t h e  d u ty  c y c l e  d e c r e a s e s ,  t h e  s t e e p n e s s  o f  t h e  
s l o p e s  on r e s u l t i n g  g l o t t a l  volume v e l o c i t y  waves i n c r e a s e s  
(F la n a g a n ,  1 958), The i n c r e a s e  in  s t e e p n e s s  r e s u l t s  i n  an 
i n c r e a s e  in  t h e  a m p l i tu d e s  o f  a l l  o f  t h e  s p e c t r a l  e n e r g i e s  
in  t h e  g l o t t a l  sp e c tru m . F or w h i s p e r s ,  t h e  random n o i s e  
th r o u g h  th e  g l o t t i s  p e r m i t s  a sp e c tru m  o f  a p p ro x im a te ly  e q u a l  
and low er a m p l i tu d e s  f o r  a l l  o f  t h e  s p e c t r a l  f r e q u e n c i e s .
The a m p l i tu d e s  o f  th e  v a r i o u s  ha rm o n ic  e n e r g i e s  
from  t h e  g l o t t a l  s o u rc e  w aveform  a r e  m o d if ie d  f u r t h e r  by t h e  
r e s o n a n t  p r o p e r t i e s  o f  t h e  v o c a l  t r a c t  ( o r  v o c a l - t r a c t  
t r a n s f e r  f u n c t i o n ) .  The p eak s  t h a t  a r e  e x h i b i t e d  in  t h e  
v o c a l - t r a c t  t r a n s f e r  f u n c t i o n  a r e  c a l l e d  f o rm a n ts .  They 
c o r r e s p o n d  t o  t h e  n a t u r a l  f r e q u e n c i e s  a s s o c i a t e d  w i th  t h e  
sh ap e  o f  t h e  v o c a l  t r a c t .  C o n s e q u e n t ly  th e  r a n g e s  o v e r  w hich  
a s p e a k e r ' s  fo rm a n ts  can  v a r y  depend  t o  a g r e a t  e x t e n t  on 
t h e  s i z e  o f  h i s  h e ad .  B ecause  t h e  r a n g e s  c a n n o t  be a l t e r e d  
a t  w i l l ,  t h e y  can  convey  o n ly  s p e a k e r  i n f o r m a t i o n .
Vowel sounds a r e  p ro d u ced  w i t h  a r e l a t i v e l y  open 
v o c a l  t r a c t ,  and th e y  r e q u i r e  v i b r a t i o n  o f  t h e  v o c a l  f o l d s  
a s  a sound s o u r c e .  The f i r s t  t h r e e  fo rm a n ts  a r e  s u f f i c i e n t  
a c o u s t i c  cu es  f o r  l i s t e n e r s  t o  i d e n t i f y  t h e  vow els  o f  E n g l i s h .
The fo rm an t  f r e q u e n c y  r e l a t i o n s  t h a t  s p e c i f y  t h e  vow els  o f  
E n g l i s h  a r e  i n h e r e n t l y  r e l a t i o n a l  r a t h e r  th a n  a b s o l u t e  s i n c e  
d i f f e r e n t  s i z e d  s u p r a l a r y n g e a l  v o c a l  t r a c t s  and vow el-  
c o n so n a n t  c o m b in a t io n s  w i l l  p ro d u ce  d i f f e r e n t  a b s o l u t e  f o r ­
mant f r e q u e n c i e s .  Both th e  l i n g u i s t i c  and t h e  s o c i o -  
l i n g u i s t i c  in f o r m a t io n  conveyed  by v o w e ls  d ep en d s  l a r g e l y  on 
t h e  r e l a t i v e  p o s i t i o n s  o f  t h e  f o r m a n t s .  For exam ple , when 
one c o n s i d e r s  t h a t  a s p e a k e r  h a s  vow el sounds w h ich  a r e  
t y p i c a l  o f  a S c o t t i s h  s p e a k e r  ( i , e , ,  when one i n t e r p r e t s  
t h e  s o c i o - l i n g u i s t i c  in f o r m a t io n  conveyed  by v o w e ls ) ,  one 
p r o b a b ly  does  so by i n t e r p r e t i n g  t h e  r e l a t i v e  fo rm an t 
s t r u c t u r e  o f  t h e  v o w e ls .  On th e  o t h e r  h an d , t h e  p e r s o n a l  o r  
s p e a k e r  in f o r m a t io n  conveyed  by v o w els  d ep en d s  p a r t l y  on 
t h e  a b s o l u t e  v a lu e s  o f  t h e  fo rm an t  f r e q u e n c i e s  (L adefo ged  
and B ro a d b e n t ,  1957), A d d i t i o n a l  p e r s o n a l  in f o r m a t io n  i s ,  
o f  c o u r s e ,  p r e s e n t  in  t h e  r e l a t i v e  p o s i t i o n s  o f  some o f  a 
s p e a k e r ' s  v o w e ls ,  i n s o f a r  a s  t h e s e  a r e  i d i o s y n c r a t i c  f e a t u r e s  
o f  h i s  sp e ec h  and n o t  a s p e c t s  w hich  i d e n t i f y  him a s  b e lo n g in g  
t o  a p a r t i c u l a r  g ro up .
C onsonant sounds a r e  p ro d u ced  w i t h  t h e  v o c a l  t r a c t  
p a r t i a l l y  o r  c o m p le te ly  o c c lu d e d  (F la n a g a n ,  1 9 7 2 ) ,  The 
l o c a t i o n  o f  t h e  sound s o u rc e  d u r in g  c o n so n a n t  p r o d u c t io n  may 
be l a r y n g e a l ,  s u p r a l a r y n g e a l ,  o r  b o th .  Among th o s e  c o n s o n a n ts  
w hich  depend upon v o c a l  t r a c t  dynam ics f o r  t h e i r  c r e a t i o n  a r e  
t h e  s t o p  c o n s o n a n ts .  To p rod uce  t h e s e  sounds a c o m p le te  
c l o s u r e  i s  formed a t  some p o i n t  in  t h e  v o c a l  t r a c t .  F i r s t
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fo rm an t  " c u tb a c k "  i s  an im p o r ta n t  a c o u s t i c  cu e  f o r  d e la y e d  
p h o n a t io n  o n s e t  w hich  d i f f e r e n t i a t e s  s to p  c o n s o n a n t  sounds 
l i k e  / p a /  from / b a / .  T h is  f i r s t  fo rm an t  f r e q u e n c y  t r a n s i t i o n  
f i s e s  from th e  low v a lu e  t h a t  f o l lo w s  from t h e  e f f e c t i v e  
l e n g th e n in g  o f  t h e  v o c a l  t r a c t  by th e  s to p  o c c l u s i o n .
The a c o u s t i c a l  c h a r a c t e r i s t i c s  o f  n a s a l s  a r e  
b a s i c a l l y  s i m i l a r  to  t h o s e  o f  v o w e ls .  The p r im a r y  a c o u s t i c a l  
sp e ec h  p a ra m e te r s  a r e  t h e  fo rm an t  f r e q u e n c i e s ,  a m p l i tu d e s ,  
and b a n d w id th s .  The m ost d i s t i n c t i v e  p r o p e r t y ,  how ever, i s  
t h e  p re s e n c e  o f  a n t i r e s o n a n c e s  i n  t h e  n a s a l s  due t o  t h e  s i d e -  
b ra n c h in g  o f  t h e  n a s a l  p a s s a g e  from t h e  v o c a l  t r a c t .  In  t h e  
p r o d u c t io n  o f  an / ra / ,  f o r  exam ple , i t  shows up  a s  a r e l a ­
t i v e l y  b road  sp e c tru m  minimum n e a r  1200 Hz ( F a n t ,  1 9 6 0 ) .
The s p e c t r a  o f  n a s a l  c o n s o n a n ts  (G lenn  and K l e i n e r ,  1968) 
and c o a r t i c u l a t e d  n a s a l  sounds (Su , L i ,  and Fu, 1974) seem 
t o  p ro v id e  s t r o n g  c u e s  f o r  t h e  m achine m a tc h in g  o f  s p e a k e r s .  
In  c o n t r a s t ,  a  n a s a l  d i s g u i s e  m ark e d ly  i n t e r f e r e s  w i th  
sp e a k e r  i d e n t i f i c a t i o n  f o r  human l i s t e n e r s  ( R e ic h  and Duke, 
1979).
Many o f  t h e  a c o u s t i c  c u e s  t h a t  d i f f e r e n t i a t e  sounds 
and s p e a k e r s  a r e  v e r y  s u b t l e  (Shoup and P f e i f e r ,  1 9 7 6 ) .  
S o u rc e s  o f  v a r i a b i l i t y  e x i s t  w i t h  t h e  d e g re e  o f  v o c a l  t r a c t  
and g l o t t a l  (o p e n in g  be tw een  t h e  v o c a l  f o l d s )  c o n s t r i c t i o n  
and w i t h  th e  p l a c e  o f  a r t i c u l a t i o n  f o r  v o w e ls ,  c o n s o n a n t s ,  
and n a s a l s .
11
E vidence  o f  I n t e r -  and I n t r a s p e a k e r  V a r i a b i l i t y
E xperim en ts  co nce rned  w i th  th e  r e c o g n i t i o n  o f  speech
by m achine p ro v id e  c l e a r  e v id e n c e  o f  th e  p re s e n c e  o f  i n t e r -
and i n t r a s p e a k e r  v a r i a b i l i t y .  These m achines o p e r a t e  by
d e t e c t i n g  th e  a c o u s t i c a l  c o r r e l a t e s  o f  th e  d i s t i n c t i v e
f e a t u r e s  o f  speech  (S te v e n s ,  House, and P a u l ,  1966; Hemdal,
1967). P a rk e r  (1977, p . 1052) d e f i n e s  a c o u s t i c  cu es  a s
p r o p e r t i e s  o f  th e  sp eech  s i g n a l  w hich  r e l a t e  th e  a c o u s t i c  
s t re a m  to  p h o n o lo g ic a l  segm en ts .  An a c o u s t i c  cue i s  
j u s t i f i e d  to  th e  e x t e n t  t h a t  i t s  p re s e n c e  o r  absence  
s y s t e m a t i c a l l y  c a u s e s  a s p e a k e r  o f  a g iv en  language  to  
p e r c e iv e  o r  f a i l  to  p e r c e iv e  a g iv en  p h o n o lo g ic a l  
segment in  t h a t  lan g u a g e .  A c o u s t ic  cu es  a r e  d e te rm in a b le  
by o b s e r v a t io n  o f  th e  p h y s i c a l  s t i m u l i  and by o b s e r v a t io n  
o f  th e  e f f e c t  t h a t  p e r t u r b a t i o n  o f  t h a t  s t i m u l i  h a s  on 
p h o n o lo g ic a l  i d e n t i f i c a t i o n s  made by s p e a k e r s .
D i s t i n c t i v e  f e a t u r e s , on th e  o t h e r  hand, " a r e  a b s t r a c t
d im e n s io n s  in  te rm s  o f  w hich  s p e a k e rs  a r e  th o u g h t  to  o r g a n iz e
p h o n o lo g ic a l  segm ents once t h e y  have been  r e c o g n iz e d ,  and i t
i s  in  te rm s  o f  t h e s e  f e a t u r e s  t h a t  p h o n o lo g ic a l  r u l e s  a r e
assumed to  o p e r a t e . "  Some exam ples o f  d i s t i n c t i v e  f e a t u r e s
a r e  I v o i c in g ,  d u r a t i o n ,  and p la c e  o f  a r t i c u l a t i o n .  The
r e l a t i o n  between d i s t i n c t i v e  f e a t u r e s  and a c o u s t i c  cu es  i s
t h a t  o f  one to  many.
S e v e ra l  f a c t o r s  ap p ea r  to  i n f lu e n c e  i n t e r s p e a k e r  
v a r i a b i l i t y .  In a g iv en  e x p e r im e n t ,  t h e  p a r t i c i p a t i o n  o f  
s p e a k e r s  w i th  c e r t a i n  sp eech  p a th o l o g i e s  ( e . g . ,  d y sp h o n ia ) ,  
n e u r o p a th o lo g ie s  ( e . g . ,  c e r e b r a l  p a l s y ) ,  p sy c h o p a th o lo g ie s  
( e . g . ,  d e p r e s s io n ) ,  o r  u n iq u e  l i n g u i s t i c  backgrounds may be
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e x p e c te d  to  i n c r e a s e  i n t e r s p e a k e r  v a r i a b i l i t y  because  o f  th e  
g r e a t e r  o rg a n ic  and le a rn e d  d i f f e r e n c e s .  S i m i l a r l y ,  i n t e r ­
sp e a k e r  v a r i a b i l i t y  te n d s  t o  be red u c ed  f o r  g roups o f  
s p e a k e r s  ( e . g . ,  i d e n t i c a l  tw in s )  whose o rg a n ic  and le a rn e d  
d i f f e r e n c e s  a r e  sm a ll  ( A lp e r t ,  K u r tz b e rg ,  P i l o t ,  and 
F r i e d h o f f ,  1963; K e r s t a ,  1965).
The p r o p e r t i e s  and m easurement o f  i n t e r s p e a k e r  and 
i n t r a s p e a k e r  v a r i a b i l i t y  among c o r r e l a t i o n  m a t r i c e s  d e r iv e d  
from s p e c t r a  o f  c o n t in u o u s  speech  have been d e s c r ib e d  by 
Li and Hughes (1974) and L i ,  Hughes, and House (1 9 6 9 ) .  These 
s t u d i e s  r e p o r t  two im p o r ta n t  f a c t s  r e l a t e d  to  t a l k e r  v a r i a ­
b i l i t y :  (1 )  t h e  lo n g - te rm  a v e ra g e  c o r r e l a t i o n  c o e f f i c i e n t s
o f  speech  s p e c t r a  e x h i b i t  i n t e r t a l k e r  s i m i l a r i t i e s  and i n t r a ­
t a l k e r  d i f f e r e n c e s ;  and (2 )  th e  e s t im a t e s  o f  th e s e  c o e f f i c i e n t s  
co n v erg e  to  a s e t  o f  s t a b l e  v a lu e s  a f t e r  abou t t h i r t y  seconds 
o f  sp e ec h  m a t e r i a l .  These s t u d i e s  su g g e s t  d a ta  from 
s t a t i s t i c a l  s t u d i e s  o f  sp eech  s p e c t r a  c o n ta in  in fo rm a t io n  
a b o u t  th e  p h y s i c a l  c h a r a c t e r i s t i c s  o f  t a l k e r s  w hich  becomes 
more and more p rom inen t a s  e f f e c t s  o f  c o n te x t  a r e  averag ed  
o u t .  S in ce  fo rm ant f r e q u e n c ie s  a r e  r e l a t i v e  m easures  o f  
v o c a l - t r a c t  s i z e  ( e . g . ,  a s h o r t e r  v o c a l - t r a c t  l e n g th  r e s u l t s  
in  h ig h e r  r e s o n a n t  f r e q u e n c i e s ) ,  i t  i s  l i k e l y ,  th e n ,  t h a t  
t h e s e  s t a t i s t i c a l  m easu res  r e f l e c t  a n a to m ic a l  d i f f e r e n c e s  
among t a l k e r s .
A tk in so n  (1976) a t te m p te d  t o  q u a n t i f y  and compare 
i n t e r -  and i n t r a s p e a k e r  v a r i a b i l i t y  in  fundam en ta l v o ic e
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f re q u e n c y  (F g ) .  For t h i s  a c o u s t i c  speech  p a ra m e te r  th e r e  
i s  a v i r t u a l  o n e - to -o n e  c o rre sp o n d e n ce  to  th e  r e l a t e d  
p h y s i o l o g i c a l  p a ra m e te r ,  v i b r a t i o n  o f  th e  v o c a l  f o l d s .  The 
fundam en ta l  v o ic e  f re q u e n c y  a s s o c i a t e d  w i th  a speech  sound 
i s  in d ep e n d en t  o f  th e  fo rm ant f r e q u e n c ie s  o f  t h a t  sound.
The fo rm ant f r e q u e n c ie s  a r e  d e te rm in e d  by th e  c o n f i g u r a t i o n  
o f  t h e  v o c a l  t r a c t  and rem ain  p r a c t i c a l l y  c o n s t a n t  w i th  a 
s t e a d y - s t a t e  a r t i c u l a t i o n  r e g a r d l e s s  o f  a h ig h ,  low, o r  
chang ing  fundam en ta l f re q u e n c y .  The r e s u l t s  o f  t h i s  s tu d y  
show a g r e a t  d e a l  o f  v a r i a b i l i t y  i n  F q  between d i f f e r e n t  
s p e a k e r s  and e s s e n t i a l l y  a s  much v a r i a b i l i t y  w i th in  a s i n g l e  
sp e a k e r  a s  t h e r e  was between s e v e r a l  s p e a k e rs  o f  th e  same 
se x .  A tk in son  s u g g e s t s  t h i s  may im ply t h a t  even i f  th e  
sp eech  s tream  can be n o rm a l iz e d  to  a p a r t i c u l a r  sp e a k e r ,  
such n o r m a l iz a t io n  f i l t e r s  o u t  v e ry  l i t t l e  o f  th e  v a r i a b i l i t y  
t h a t  can o b sc u re  th e  p ro s o d ic  f e a t u r e s  ( i n  o t h e r  w ords, th e  
f e a t u r e s  superim posed upon a l l  o f  speech  l i k e  d u r a t i o n ,  F q , 
and a v e rag e  speech  pow er).
L in e a r  p r e d i c t i o n  a n a l y s i s  e n ab led  Sambur (1975) to  
e v a lu a t e  and i s o l a t e  e f f e c t i v e  f e a t u r e s  f o r  t h e  t a s k  of 
sp e a k e r  i d e n t i f i c a t i o n .  A n o v e l  p r o b a b i l i t y  o f  e r r o r  c r i ­
t e r i o n  was used  to  d e te rm in e  th e  r e l a t i v e  m e r i t s  o f  th e  
f e a t u r e s .  The e x p e r im e n ta l  d a ta  b a se  was c o l l e c t e d  o v e r  a 
3% .year p e r io d  and a f f o rd e d  th e  o p p o r tu n i ty  to  i n v e s t i g a t e  
th e  v a r i a t i o n  o v e r  t im e  o f  th e  m easurem ents . The 
m easurem ents t h a t  w ere found to  be th e  most im p o r ta n t  were
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t h e  v a lu e  o f  th e  second re s o n a n c e  (around  1000 Hz) in  / n / ,  
th e  v a lu e  o f  th e  t h i r d  o r  f o u r t h  re so n an c e  (1700-2000 Hz) in  
/m / ,  th e  v a lu e  o f  th e  second , t h i r d  and f o u r t h  fo rm ant 
f r e q u e n c ie s  in  vow els , and th e  a v e rag e  fundam en ta l  f re q u e n c y  
o f  th e  s p e a k e r s .
The form ant s t r u c t u r e  o f  t h r e e  d ip th th o n g s  (which 
g e n e r a l l y  c o n s i s t  o f  th e  fo rm ant f req u e n cy  p a t t e r n  going  
from t h a t  o f  one pure  vowel t o  a second vowel o r  sem ivow el, 
a s  / a i /  in  t h e  word b i t e ) . f o u r  t e n s e  vowels (which r e f e r  
to  th e  m uscle  t e n s io n  and p h y s i o l o g i c a l  fo r c e  beh ind  th e  
p o in t  o f  c l o s u r e ) ,  and t h r e e  r e t r o f l e x  sounds (w hich a r e  
d e f in e d  a r t i c u l a t o r i l y  a s  a maneuver in  w hich th e  t i p  o f  th e  
tongue  i s  c u r l e d  back  and p la c e d  p o s t e r i o r  t o  th e  a l v e o l a r  
r i d g e  o f  th e  h a rd  p a l a t e ,  a s  in  / t / )  was examined in  d e t a i l  
by G o ld s te in  (1976) f o r  p o s s ib l e  s p e a k e r - i d e n t i f y i n g  f e a t u r e s .  
She found th e  most e f f e c t i v e  f e a t u r e s  in  i d e n t i f y i n g  s p e a k e rs  
to  be somewhat d i f f e r e n t  compared t o  Sam bur's  r e s u l t .  I t  
would seem u s e f u l  to  t e s t  th e  more e f f e c t i v e  f e a t u r e s  o f  
t h e s e  two s t u d i e s  u s in g  sp e a k e rs  who had n o t  been in v o lv e d  
in  th e  o r i g i n a l  f e a t u r e  e v a l u a t i o n s .
Evidence o f  i n t r a s p e a k e r  v a r i a b i l i t y  was r e p o r t e d  
by H arg reaves  and S ta rk w e a th e r  (1 9 6 3 ) .  They found t h a t  more 
i n c o r r e c t  i d e n t i f i c a t i o n s  a r e  made when th e  u t t e r a n c e s  
r e p r e s e n te d  by t e s t  and r e f e r e n c e  p a t t e r n s  a r e  r e c o rd e d  on 
d i f f e r e n t  days th an  when th e y  a r e  r e c o rd e d  on th e  same d a y s .  
T h is  o b s e r v a t io n  c o n s t i t u t e s  e v id e n c e  o f  d a y - to - d a y  v a r i a t i o n s
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in  th e  speech  o f  i n d i v i d u a l  s p e a k e r s .  T h is  f i n d in g  i s  
c o r r o b o r a te d  by L i,  Danunann, and Chapman (1 9 6 6 ) .
S e v e ra l  f a c t o r s  have been shown to  i n f lu e n c e  i n t r a ­
sp e a k e r  v a r i a b i l i t y .  V a r io u s  d i s e a s e s  o f  th e  c h e s t ,  l a ry n x ,  
and c e n t r a l  n e rv o u s  sys tem , a g in g ,  and p s y c h o lo g ic a l  s t r e s s ,  
a r e  a few (Mysak, 1959; H ecker, S te v e n s ,  von B ism arck, and 
W il l ia m s ,  1968).
E n dres , Bamback, and F l o s s e r  (1971) p r e s e n te d  some 
i n t e r e s t i n g  e v id e n c e  o f  i n t r a s p e a k e r  v a r i a b i l i t y  f o r  fo rm ant 
s t r u c t u r e .  In t h i s  p a p e r  an a t t e m p t  was made to  answer two 
q u e s t io n s :  (1 )  does th e  fo rm an t s t r u c t u r e  o f  phonemes
u t t e r e d  by a c e r t a i n  s p e a k e r  change o v e r  a long i n t e r v a l  o f  
t im e ,  and (2 )  can  th e  fo rm an t s t r u c t u r e  be changed by d i s g u i s e ,  
o r  i s  i t  even p o s s ib l e  t o  i m i t a t e  t h e  form ant s t r u c t u r e  o f  
a n o th e r  speak er?  S pec tro g ram s o f  u t t e r a n c e s  p roduced  by 
seven sp e a k e rs  and re c o rd e d  o v e r  p e r io d s  o f  up t o  tw e n ty -n in e  
y e a r s  showed t h a t  th e  f r e q u e n c y  p o s i t i o n  o f  fo rm an ts  and 
p i t c h  o f  v o ice d  sounds s h i f t  to  lower f r e q u e n c ie s  w i th  
i n c r e a s in g  age o f  t e s t  p e r s o n s .  Speech sp e c tro g ram s  o f  
t e x t s  spoken in  a norm al and a d i s g u i s e d  v o ic e  r e v e a le d  
s t r o n g  v a r i a t i o n s  in  fo rm ant s t r u c t u r e .  I m i t a t o r s  su cceeded  
in  v a ry in g  th e  fo rm ant s t r u c t u r e  and fund am en ta l  f re q u e n c y  
o f  t h e i r  v o ic e s ,  b u t  th e y  were n o t  a b le  to  a d a p t  th e s e  
p a ra m e te rs  to  m atch o r  even be s i m i l a r  to  th o s e  o f  i m i t a t e d  
p e r s o n s .
T h is  c o n c lu d es  th e  d i s c u s s i o n  o f  so u rc e s  o f  s p e a k e r
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v a r i a b i l i t y .  I t  i s  c l e a r  f u r t h e r  s tu d y  i s  needed to  i s o l a t e  
t h e  f e a t u r e s  t h a t  d e f in e  and q u a n t i f y  i n t e r -  and i n t r a s p e a k e r  
v a r i a b i l i t y .
S ou rces  o f  P ro c e d u ra l  V a r i a b i l i t y
The sp e a k e r  r e c o g n i t i o n  e x p e r im e n t  can be co n ce iv ed  
a s  f i v e  o p e r a t i o n a l  e le m e n ts .  B r ic k e r  and Pruzansky  (1976) 
i d e n t i f y  t h e s e  e le m e n ts  to  be : sp e a k e r  ensem ble, speech
m a t e r i a l ,  t r a n s m is s io n  system  p a ra m e te r s ,  l i s t e n e r s ,  and 
t a s k s .  T h is  s e c t i o n  s h a l l  d i s c u s s  t h e s e  o p e r a t i o n a l  
e le m e n ts  and u se  them as  a framework f o r  o r g a n iz in g  and 
sum m arizing th e  r e s u l t s  o f  d i v e r s e  e x p e r im e n ts .
Speaker Ensemble
The te rm  sn e ak e r  ensem ble r e f e r s  to  " th e  s e t  o f  
v o i c e s  t h a t  th e  l i s t e n e r  i s  exposed  to  d u r in g  an exp erim en t"  
( B r ic k e r  and P ru zan sk y , 1976, p . 2 9 9 ) .  S o u rces  o f  p r o c e d u ra l  
v a r i a b i l i t y  e x i s t  in  hom ogeneity , s i z e ,  and c h a r a c t e r i s t i c s  
o f  t h e  p o p u la t io n  to  w hich  th e  e x p e r im e n te r  w ish es  to  
g e n e r a l i z e .
L evel o f  pe rfo rm ance  depends on th e  hom ogeneity  o f  
t h e  sn e a k e r  g ro u p . Homogeneity r e f e r s  to  th e  n e r c e n tu a l  
s i m i l a r i t y  o f  th e  v o ic e s  h e a rd  in  a g iv en  t e s t .  In e v a l ­
u a t i n g  com m unication system s w i th  f i v e  q u a r t e t s  o f  s p e a k e r s ,  
S tu n tz  (1963) found t h a t  some q u a r t e t s  c o n s i s t e n t l y  produced
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low er s c o re s  th an  o t h e r  q u a r t e t s .  W il l ia m s  (1964) d iv id e d  
tw e lv e  a d u l t  male sp e a k e rs  i n to  two ensem bles o f  s i x  by 
random a ss ig n m en t and c o l l e c t e d  r e c o g n i t i o n  d a ta  on each  
ensem ble by i d e n t i c a l  p r o c e d u r e s .  The f i n a l  t e s t  s c o re s  
w ere 62% c o r r e c t  f o r  one ensem ble and 50% c o r r e c t  f o r  th e  
o t h e r .  S tu n tz  and W ill ia m s  co nc lu ded  sp e a k e r  i d e n t i f i c a t i o n  
depends n o t  o n ly  on th e  i n d i v i d u a l  c h a r a c t e r i s t i c s  o f  each  
o f  t h e  sp e a k e rs  b u t  a l s o  on th e  c h a r a c t e r i s t i c s  o f  th e  o th e r  
s n e a k e r s  w i th  whom he i s  b e in g  compared. C a rb o n e l l ,  G r i g n e t t i ,  
S te v e n s ,  W il l ia m s ,  and Woods (1 9 6 5 ) ,  and C la rk e  and Becker 
(1969) have a t te m o te d  to  i d e n t i f y  th e s e  i n d i v i d u a l  c h a r a c ­
t e r i s t i c s  and u se  them to  p r e d i c t  c o n fu s io n s  among s p e a k e r s .
But t h i s  has  n o t  met w i th  much s u c c e s s .  The d is c o v e r y  o f  
a d d i t i o n a l  c h a r a c t e r i s t i c s  t h a t  do p r e d i c t  c o n fu s io n s  i s  
o b v io u s ly  a m ajo r g o a l  o f  sp e a k e r  r e c o g n i t i o n  r e s e a r c h .
There i s  l i t t l e  in fo rm a t io n  i n d i c a t i n g  how la r g e  an 
ensem ble must be t o  r e p r e s e n t  a d e q u a te ly  th e  su b p o p u la t io n  
o f  i n t e r e s t .  W il l iam s  (1971) conc luded  an ensem ble o f  f i v e  
o r  s i x  sp e a k e rs  ap p ea re d  o p t im a l  f o r  t e s t i n g  sp e a k e r  id e n ­
t i f i c a t i o n .  P o l l a c k ,  P i c k e t t ,  and Sumby (1954) used  ensem bles 
a s  l a r g e  a s  s i x t e e n  w i th o u t  r e a c h in g  th e  l i m i t  o f  in fo rm a tio n  
t r a n s m i t t e d ,  s u g g e s t in g  t h a t  more sp e a k e rs  c o u ld  have been 
i d e n t i f i e d .  Hence, i t  i s  n o t  y e t  c l e a r  what ensem ble s i z e  
i s  a p p r o p r i a t e .
The most s a l i e n t  c h a r a c t e r i s t i c s  o f  ensem bles a re  
se x ,  ag e , and a c c e n t .  T here  i s  e x p e r im e n ta l  ev id e n ce
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s u p p o r t in g  a lm ost  p e r f e c t  perfo rm ance  when l i s t e n e r s  a re  
r e q u i r e d  to  r e c o g n iz e  t a l k e r s  c r o s s  th e  a d u l t - c h i l d  o r  th e  
m a le -fem ale  b a r r i e r s  (P ta c e k  and S ander, 1966; B en n e tt  and 
W einberg, 1979). Both Ryan and Burk (1972) and Shipp and 
H o l l ie n  (1969) found t h a t  l i s t e n e r s  cou ld  make age d i s c r i m i ­
n a t i o n s  which were even f i n e r  th a n  th e  young-o ld  d i s t i n c t i o n .  
I d e n t i f i c a t i o n  o f  sex  a lo n e  rem a in s  r o b u s t  even when t a l k e r s  
w h isp e r  (Schw artz  and R ine , 1968), u t t e r  o n ly  v o i c e l e s s  
f r i c a t i v e s  (Ingemann, 1968; S chw artz , 1968), u se  a monotone 
a r t i f i c i a l  la ry n x  (Coleman, 1971) o r  e so p h a g e a l  speech  
(Weinberg and B e n n e t t ,  1971a), o r  a re  sampled from among 
o n ly  f i v e -  and s i x - y e a r  o ld s  (Weinberg and B e n n e tt ,  1971b).
A ccord ing  to  L e h is te  and M e l tz e r  (1973) male sp e a k e rs  
a r e  i d e n t i f i e d  more e a s i l y  th a n  women and c h i l d r e n ,  who 
can be co nfused  w i th  each  o t h e r .  These r e s e a r c h e r s  a l s o  
show t h a t  th e  c o n fu s io n s  a r e  much g r e a t e r  f o r  machine 
s y n th e s i s  o f  speech  as  compared to  human p ro d u c t io n  o f  
speech . They c o n s id e r  fo rm ant s t r u c t u r e  to  be a more im por­
t a n t  cue in  sp eak e r  i d e n t i f i c a t i o n  than  fundam enta l f req u e n cy . 
For exam ple, vowels produced w i th  male fo rm an ts ,  b u t  fem ale  
fundam enta l f req u e n cy , were a s s ig n e d  to  a male sp e ak e r  in  
80.8% o f  i n s t a n c e s ,  w h i le  vowels s y n th e s iz e d  w i th  fem ale  
fo rm an ts ,  bu t w i th  male fu ndam en ta l f req u e n cy , were a s s ig n e d  
t o  a male sp e ak e r  in  o n ly  18.6% o f  th e  c a s e s .
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C o n t r o l l i n g  Speech G e s tu re s
E x p er im e n te rs  have used  t h r e e  t e c h n iq u e s  f o r  c o n ­
t r o l l i n g  speech  g e s t u r e s  o f  th e  sp e a k e r  ensem ble: (1 )
r e q u i r i n g  sp e a k e rs  to  v a ry  t h e i r  sound so u rce  in  some way;
(2 )  a s k in g  some sp e a k e rs  to  mimic o t h e r s ;  and (3 )  s e l e c t i n g  
th e  t e x t  to  be spoken .
Source M a n ip u la t io n
McGehee (1937) s tu d ie d  th e  im portance  o f  p i t c h  by 
hav in g  t a l k e r s  a l t e r  t h e i r  norm al p i t c h  in  some manner. 
R e s u l t s  i n d i c a t e  t h a t  when th e  t a r g e t  sp e a k e r  d is g u is e d  h i s  
v o ic e  by chang ing  th e  p i t c h ,  i d e n t i f i c a t i o n  was red u ced  by 
abou t 13%. L i s t e n e r ' s  i d e n t i f i c a t i o n  perfo rm ance  f o r  P o l i s h  
vow els , spoken a t  no rm al, h ig h e r  th an  no rm al,  and lower th a n  
norm al p i t c h  was n o t  a lw ays b e s t  f o r  th e  norm al p i t c h  con ­
d i t i o n  (D ukiew icz, 1970). However, Matsumoto, H ik i ,  Sone, 
and Nimura (1973) found t h a t  a l i s t e n e r ' s  sp e ak e r  d i s c r i m i ­
n a t io n  perfo rm ance  was much b e t t e r  when th e  p i t c h e s  o f  two 
sam ples were th e  same th an  when th e y  d i f f e r e d  by 40 Hz.
M a n i f e s t a t i o n s  o f  ta s k - in d u c e d  s t r e s s  in  th e  a c o u s t i c  
speech  s i g n a l  was s tu d ie d  by Hecker e t  a l .  (1 9 6 8 ) .  For each  
o f  te n  s u b j e c t s ,  numerous v e r b a l  r e s p o n s e s  were o b ta in e d  
w h ile  th e  s u b je c t  was u n d e r  s t r e s s  and w h i le  he was r e l a x e d .  
L i s t e n e r s  cou ld  i d e n t i f y  th e  s t r e s s f u l  r e s p o n s e s  o f  some 
s u b j e c t s  w i th  b e t t e r  th an  90% a c c u ra c y  and o f  o t h e r s  o n ly  a t
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chance  l e v e l .  S p ec trog ram s o f  th e  t e s t  p h r a s e s  showed t h a t  
t a s k - in d u c e d  s t r e s s  can p roduce  a number o f  c h a r a c t e r i s t i c  
changes  in  th e  a c o u s t i c  s i g n a l ,  most a t t r i b u t a b l e  t o  m odi­
f i c a t i o n s  in  t h e  a m p l i tu d e ,  f re q u e n c y ,  and d e t a i l e d  waveform 
o f  th e  g l o t t a l  p u l s e s .
Reich and Duke (1979) i n v e s t i g a t e d  th e  e f f e c t s  o f  
s e l e c t e d  v o c a l  d i s g u i s e s  upon sp e a k e r  i d e n t i f i c a t i o n  by 
l i s t e n i n g  f o r  com parison  w i th  p re v io u s  r e s e a r c h  u s in g  a 
s p e c t r o g r a p h ic  s p e a k e r - i d e n t i f i c a t i o n  method. S p eak ers  
p roduced  s e n te n c e s  in  s i x  d i f f e r e n t  w ays. They in c lu d e d  
s im u la t in g  a h o a rs e  v o ic e  q u a l i t y ,  a h y p e rn a s a l  v o ic e  
q u a l i t y ,  an e x tre m e ly  slow  r a t e  o f  sp e a k in g ,  and a p e rso n  
"70 to  80 y e a r s  o f  a g e ."  In  a d d i t i o n  to  r e c o r d in g  a n a t u r a l  
v o ic e  u t t e r a n c e ,  each  s p e a k e r  was a sked  to  d i s g u i s e  h i s  
v o ic e  in  a manner w hich  he f e l t  would most e f f e c t i v e l y  
c o n c e a l  h i s  i d e n t i t y .  In  g e n e r a l  th e  r e s u l t s  i n d i c a t e  
c e r t a i n  v o c a l  d i s g u i s e s  ( e . g . ,  s l o w - r a te  and n a s a l )  do i n t e r ­
f e r e  w i th  sp e a k e r  i d e n t i f i c a t i o n  a c c u ra c y  f o r  humans, and 
t h a t  some d i s g u i s e s  ( e . g . ,  n a s a l  v o ic e  q u a l i t y )  a r e  n o t  
e q u a l l y  e f f e c t i v e  f o r  s p e c t ro g r a p h  and com puter m ethods.
These r e s e a r c h e r s  su g g e s t  t h i s  v a r i a b i l i t y  i s  due to  
l i s t e n e r  u n c e r t a i n t y  a s  to  w hich  a c o u s t i c  cu es  a r e  n e c e s s a r y  
f o r  a c c u r a t e  sp e ak e r  i d e n t i f i c a t i o n .
S e v e ra l  i n v e s t i g a t o r s  have s tu d i e d  th e  im po rtan ce  
o f  v o ic in g  by com paring r e c o g n i t i o n  r e s u l t s  from w h isp e red  
speech  w i th  r e s u l t s  from norm al sp e ec h .  W ill iam s  (1964)
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found t h a t  r e c o g n i t i o n  f o r  n o rm a l ly  spoken s e n te n c e s  was 
much b e t t e r  th an  f o r  w h isp e red  sp e ec h .  P o l la c k  e t  a l .  (1954) 
s tu d i e d  th e  e f f e c t s  o f  w h isp e red  speech  as  a f u n c t io n  o f  
d u r a t io n  o f  sp eech  sam ple. They co n c lu d ed  t h a t  a w h isp e red  
sp eech  sample had to  be o v e r  t h r e e  t im e s  th e  d u r a t io n  of 
no rm al speech  f o r  e q u iv a le n t  l e v e l s  o f  sp e ak e r  i d e n t i f i c a t i o n .
An a r t i f i c i a l  l a ry n x  w i th  a f i x e d  f req u e n cy  o f  
85 Hz as  th e  sound so u rce  was u se d  by Coleman (1973) f o r  
e l i m i n a t i n g  p o s s ib l e  g l o t t a l  so u rc e  v a r i a t i o n s .  He r e t o r t e d  
sp e a k e r  p a i r s  w ere i d e n t i f i e d  a s  b e in g  composed o f  th e  same 
o r  d i f f e r e n t  sn e a k e rs  w i th  b e t t e r  th a n  90% a c c u ra c y  when th e  
norm al i n t e r s p e a k e r  d i f f e r e n c e s  in  th e  g l o t t a l  so u rce  
c h a r a c t e r i s t i c s  were e q u a l i z e d .  The e r r o r s  f o r  h i s  tw e n ty -  
e i g h t  l i s t e n e r s  were c o n c e n t r a te d  in  r e l a t i v e l y  few sp e a k e r  
p a i r s .  Male sp e a k e rs  as  a group r e t a i n e d  a s i g n i f i c a n t l y  
g r e a t e r  d e g re e  o f  i d e n t i f l a b i l i t y  f o r  th e s e  e x p e r im e n ta l  
c o n d i t i o n s  th an  d id  fe m a le s .  Coleman conc luded  t h a t  t h e r e  
was a l o t  o f  s p e a k e r  i d e n t i t y  in f o rm a t io n  l e f t  when so u rc e  
v a r i a t i o n  was e l im in a te d ,  and t h a t  fem ale  s p e a k e r s  m ight be 
more s u c c e s s f u l  in  d i s g u i s i n g  t h e i r  v o ic e s  in  t h i s  way th a n  
m a le s .
Mimicry
There a re  p r a c t i c a l  and t h e o r e t i c a l  i n t e r e s t s  f o r  
s tu d y in g  th e  e f f e c t s  o f  m im icry  on sp e ak e r  r e c o g n i t i o n .  On 
th e  p r a c t i c a l  l e v e l ,  any a u to m a t ic  sp e a k e r  r e c o g n i t i o n  system
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t h a t  u s e s  t h e  v o i c e  a s  a  m e a n s  o f  v e r i f y i n g  t h e  i d e n t i t y  o f  
a n  i n d i v i d u a l  w i l l  h a v e  t o  c o n t e n d  w i t h  t h e  p r o b l e m  o f  
i m p o s t o r s .  On a  m o r e  b a s i c  l e v e l ,  r e s u l t s  o f  s t u d i e s  u s i n g  
m i m i c s  m a y  r e v e a l  s o m e  i n f o r m a t i o n  a b o u t  t h e  r e l a t i v e  i m p o r ­
t a n c e  o f  o r g a n i c  v e r s u s  l e a r n e d  f a c t o r s  i n  l i s t e n e r ' s  
r e c o g n i t i o n  o f  s p e a k e r s .
C a r b o n e l l ,  G r i g n e t t i ,  S te v e n s ,  and Woods (1965) 
examined th e  e f f e c t s  o f  mim icking on th e  r e c o g n i t i o n  o f  
u n f a m i l i a r  s p e a k e r s .  The mimicking was done by two o f  th e  
i n v e s t i g a t o r s ,  who a l s o  se rv ed  as  c r i t i c a l  l i s t e n e r s  in  
com paring t h e i r  v a r i o u s  v e r s i o n s  o f  im p o s to r  u t t e r a n c e s  w i th  
th e  p r o t o ty p e s .  Fewer mimicked u t t e r a n c e s  were f a l s e l y  
a c c e p te d  th a n  o t h e r  f o r e ig n  u t t e r a n c e s ,  s u g g e s t in g  t h a t  
im p o s to rs  a r e  n o t  p a r t i c u l a r l y  s u c c e s s f u l  in  d e c e iv in g  
l i s t e n e r s .  T h is  c o n c lu s io n  can o n ly  be r e g a rd e d  as  t e n t a t i v e  
though . I t  c o u ld  have been t h a t  th e  i n v e s t i g a t o r s  were n o t  
p a r t i c u l a r l y  good m im ick e rs .
Rosenberg  (1973) condu c ted  two sp e a k e r  v e r i f i c a t i o n  
s t u d i e s  in  o r d e r  t o  compare l i s t e n e r  pe rfo rm ance  w i th  p e r ­
form ance o f  an a u to m a t ic  sp e ak e r  v e r i f i c a t i o n  sys tem . In  th e  
f i r s t  e x p e r im e n t ,  w here cu s tom ers  (p e o p le  who wanted to  be 
v e r i f i e d )  w ere p a i r e d  o n ly  w i th  c a s u a l  im p o s to rs  (p eo p le  
sp eak in g  in  t h e i r  n a t u r a l  v o i c e s ) ,  b o th  th e  f a l s e  a c c e p ta n c e  
r a t e  and th e  f a l s e  r e j e c t i o n  r a t e  were a b o u t  4%.
The second ex p erim en t in v o lv e d  p r o f e s s i o n a l  m im ics. 
When a cu s to m er was compared w i th  an im p o s to r  u s in g  h i s
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n a t u r a l  v o ic e ,  th e  f a l s e  a c c e p ta n c e  r a t e  was ab ou t 4%, as  
i t  had been in  th e  f i r s t  e x p e r im e n t .  When a custom er was 
compared w i th  a mimic im p o s to r ,  th e  mean f a l s e  a c c e p ta n c e  
r a t e  was ab ou t 20%,
S e l e c t i o n  o f  T e x t
V a r ia t io n s  in  th e  anatomy o f  t h e  v o c a l  mechanism of 
d i f f e r e n t  t a l k e r s  may be r e f l e c t e d  in  i s o l a t e d  u t t e r a n c e s  o f  
d i f f e r e n t  speech  sounds . Some e x p e r im e n te r s  have c o n s id e re d  
th e  im portance  o f  a n a to m ic a l  f e a t u r e s  and t h e i r  c o r re sp o n d in g  
speech  s i g n a l  p a ra m e te rs  by com paring t a l k e r  r e c o g n i t i o n  
perfo rm ance  f o r  d i f f e r e n t  i s o l a t e d  phonemes.
R uss ian  phonemes were s tu d i e d  by R a m ish v i l i  (1 9 6 6 ) .
He found i d e n t i f i c a t i o n  perfo rm ance  to  be b e t t e r  th an  chance 
f o r  a l l  phonemes; in  p a r t i c u l a r ,  i d e n t i f i c a t i o n  was b e s t  f o r  
vow els , w i th  th e  e x c e p t io n  o f  th e  h ig h  back vowel / u / ,  and 
v o ice d  conson an t i d e n t i f i c a t i o n  was b e t t e r  th an  u n v o ice d .
The ran g e  o f  mean i d e n t i f i c a t i o n  s c o r e s  was 90% f o r  / e /  to  
30% f o r  / k / .  Dukiewicz (1970) a l s o  co nc luded  t h a t  r e c o g n i t i o n  
was p o o re s t  f o r  th e  back vowel / u / ,  w hich has a low second 
fo rm an t.
R e co g n it io n  f o r  words c o n ta in in g  a f r o n t  s t r e s s e d  
vowel was found to  be s l i g h t l y  b e t t e r  th an  f o r  words w i th  
back s t r e s s e d  vowels (S te v e n s ,  W il l ia m s ,  C a rb o n e l l ,  and 
Woods, 1968). I t  was a rgued  t h a t  b e t t e r  r e c o g n i t i o n  f o r
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words w i th  f r o n t  vow els m ight be due to  th e  h ig h e r  second 
fo rm an t ,  and t h a t  more sp e ak e r  i d e n t i f i c a t i o n  in fo rm a tio n  
i s  c o n ta in e d  in  th e  h ig h e r  f r e q u e n c ie s .  B r ic k e r  and P ru -  
zan sky  (1966) r e p o r t e d  i d e n t i f i c a t i o n  a c c u ra c y  improved 
d i r e c t l y  w i th  th e  number o f  phonemes in  th e  sam ple even when 
d u r a t i o n  was c o n t r o l l e d .  There was s l i g h t l y  b e t t e r  f a m i l i a r  
sp e a k e r  naming perfo rm ance  f o r  / a /  th a n  f o r  th e  h ig h  f r o n t  
vowel / i /  e x c e rp te d  from th e  s t r e s s e d  vowel o f  a d i s y l l a b l e .
In g e n e r a l ,  t h e  in fo rm a tio n  conveyed by vowels i s  
more im p o r ta n t  f o r  sp e ak e r  r e c o g n i t i o n  th an  th e  in fo rm a tio n  
conveyed by o t h e r  speech  sounds .
Speech M a te r i a l
The second e s s e n t i a l  o p e r a t i o n a l  e lem en t  and m ajor 
so u rc e  o f  p ro c e d u ra l  v a r i a b i l i t y  o f  any sp e a k e r  r e c o g n i t i o n  
e x p e r im e n t  i s  t h a t  one o r  more v o ic e  sam ples be p r e s e n te d  on 
e v e ry  t r i a l .
The e f f e c t  o f  th e  d u r a t i o n  o f  th e  sam ple on p e r f o r ­
mance was s tu d i e d  by P o l l a c k  e t  a l .  (1954) i n  one o f  t h e  
e a r l i e s t  e x p e r im e n ts  on sp e ak e r  r e c o g n i t i o n .  The t a s k  was 
th e  i d e n t i f i c a t i o n  o f  f a m i l i a r  v o ic e s  w i th  t h e  sample 
e x c e rp te d  from co n n ec ted  sp eech . Perform ance  was found to  
improve r a o i d l y  up t o  a p p ro x im a te ly  one second , and more 
s lo w ly  t h e r e a f t e r .  L a te r  s t u d i e s  ( B r ic k e r  and P ruzansky , 
1966} Murry and C o r t ,  1971) e s t a b l i s h e d  t h a t  pe rfo rm ance
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depends on th e  s i z e  o f  th e  sample o f  th e  t a l k e r ' s  r e p e r t o i r e  
r a t h e r  th an  on th e  d u r a t i o n  p e r  se .
In  a d d i t i o n  t o  d u r a t i o n  and s i z e  o f  th e  sample o f  th e  
t a l k e r ' s  r e p e r t o i r e ,  mode o f  p r e s e n t a t i o n  h as  been s tu d i e d .  
W illiam son  (1961) compared th e  f ix e d - s e q u e n c e  and f r e e -  
com parison  modes o f  p r e s e n t a t i o n  f o r  t e s t  i te m s  in v o lv in g  
o n ly  two speech  sam p les .  In th e  f ix e d - s e q u e n c e  mode, th e  
sp e ec h  sam ples to  be compared by th e  l i s t e n e r  a r e  a r ra n g e d  
in  a f ix e d  te m p o ra l  o r d e r  t h a t  i s  d e te rm in e d  e n t i r e l y  by th e  
e x p e r im e n te r .  In c o n t r a s t ,  t h e  f re e -c o m p a r is o n  mode a l lo w s  
th e  l i s t e n e r  to  c o n t r o l  th e  p r e s e n t a t i o n  o f  speech  sam ples , 
w i th  each  t e s t  i tem  c o n s i s t i n g  o f  a l im i te d  t im e  i n t e r v a l .  
W illiam son  found th e  f ix e d - s e q u e n c e  mode to  p roduce  c o n s id ­
e r a b l y  h ig h e r  s c o re s  th a n  th e  f r e e  com parison  mode. However, 
i t  c an n o t  be co nc lu ded  t h a t  th e  f ix e d - s e q u e n c e  mode i s  
g e n e r a l l y  s u p e r i o r  to  th e  f r e e -c o m p a r is o n  mode. S h o r t - t e rm  
memory e f f e c t s  make th e  f ix e d - s e q u e n c e  mode ap p ea r  l e s s  
a t t r a c t i v e  when th e  number o f  sp eech  sam ples p e r  t e s t  i tem  
i s  l a r g e .  Such memory e f f e c t s  a r e  n o t  e n c o u n te re d  w i th  th e  
f re e -c o m p a r is o n  mode.
D oehring and Ross (1972) a s s e s s e d  v o ic e  r e c o g n i t i o n  
by a m atch ing  to  sam ple p ro c e d u re  in  t h i r t y  r i g h t - h a n d e d  
a d u l t s  w i th  norm al h e a r i n g .  In  t h i s  e x p e r im e n t  th e  s u b j e c t  
was r e q u i r e d  to  i n d i c a t e  w hich  o f  t h r e e  v o ic e s  sp eak in g  a 
no n se n se  s y l l a b l e  m atched th e  s p e a k e r  o f  a sample vow el.
There was a  s i g n i f i c a n t  d i f f e r e n c e  a s  a f u n c t io n  o f  th e
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te m p o ra l  p o s i t i o n  o f  th e  m atch in g  v o ic e ,  w i th  r e c o g n i t i o n  
b e in g  m ost a c c u r a t e  when th e  m atch in g  v o ic e  was f i r s t  and 
l e a s t  a c c u r a t e  when i t  was t h i r d .  T h is  f i n d in g  i s  most 
l i k e l y  i n d i c a t i v e  o f  a s h o r t - t e r m  memory p ro c e s s  a s s o c i a t e d  
w i th  th e  f ix e d - s e q u e n c e  mode o f  p r e s e n t a t i o n .
T ran sm iss io n  System
The t r a n s m is s io n  system  has posed  no p r o c e d u ra l  
p rob lem  in  i t s e l f .  However, s o u rc e s  o f  p r o c e d u r a l  v a r i a ­
b i l i t y  e x i s t  in  c o n t r o l l i n g  th e  s i g n a l .
C o n t r o l l i n g  t h e  A c o u s t i c  S i g n a l
S e v e ra l  e x p e r im e n te r s  have been co nce rn ed  w i th  m ani­
p u l a t i n g  th e  a c o u s t i c  s i g n a l  by v a ry in g  p a ra m e te r s  o f  th e  
t r a n s m is s io n  sys tem . They have a t te m p te d  to  d e te rm in e  what 
f e a t u r e s  o f  th e  speech  s i g n a l  c a r r y  in fo rm a t io n  r e l e v a n t  to  
th e  i d e n t i t y  o f  th e  s p e a k e r .  The speech  s i g n a l  has  been 
a l t e r e d  by: (1 )  s e l e c t i v e  f i l t e r i n g ;  (2 )  p la y in g  th e  speech
backward; and (3 )  a n a l y s i s  and s y n t h e s i s  t e c h n iq u e s .
F i l t e r i n g
Of c o n s id e r a b le  i n t e r e s t  has  been th e  q u e s t io n  o f  
w hat p o r t i o n s  o f  th e  b road -band  f re q u e n c y  spec trum  c o n t r i b u t e  
most to  sp e ak e r  i d e n t i f i a b i l i t y .  The e f f e c t s  o f  lo w -p ass .
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h ig h - p a s s ,  and b a n d -p a ss  f i l t e r i n g  f o r  i s o l a t e d  vow els , 
w ords , and s e n te n c e s  have been examined as means f o r  answ er­
ing  t h i s  q u e s t io n .
R e s u l t s  o f  f i l t e r i n g  s t u d i e s  seem to  su p p o r t  th e s e  
c o n c lu s io n s*  (1 )  rem oval o f  s p e c t r a l  en e rg y  below 500 Hz 
and above 3000 Hz has  no s i g n i f i c a n t  in f lu e n c e  upon sp e ak e r  
r e c o g n i t i o n  a c c u ra c y  ( P o l l a c k ,  P i c k e t t ,  and Sumby, 1954; 
P e t e r s ,  1954), (2 )  lo w -p ass  f i l t e r i n g  f r e q u e n c ie s  below 500 Hz 
g r e a t l y  r e d u c e s  s p e a k e r  i d e n t i f i a b i l i t y ,  y e t  s t i l l  a l lo w s  
l i s t e n e r s  to  a s s e s s  p e r s o n a l i t y  f a c t o r s  r e l a t e d  to  h y p e r ­
t e n s io n  (S k a lb ec k ,  1955; S ta rk w e a th e r ,  1956), (3 )  sp e ak e r  
i d e n t i f i c a t i o n  s c o r e s  a r e  b e s t  when th e  o c ta v e  band c o n ta in in g  
th e  fund am en ta l  f r e q u e n c y  i s  em phasized  r a t h e r  th an  o th e r  
o c ta v e s  ( P e t e r s ,  1956), and (4 )  f req u e n cy  ra n g e s  in  w hich  a 
v o w e l 's  s p e c t r a l  e n e rg y  a r e  c o n c e n t r a te d  c a r r y  more sp e ak e r  
in fo rm a t io n  th an  do ra n g e s  o f  low en e rg y  (Compton, 1963; 
D ukiew icz, 1970),
Backward Speech
S e v e r a l  s t u d i e s  h a v e  e m p l o y e d  b a c k w a r d - p l a y e d  s p e e c h  
a s  a  f o r m  o f  d i s t o r t i o n .  P l a y i n g  s p e e c h  b a c k w a r d  d o e s  n o t  
a f f e c t  t h e  f r e q u e n c y  s p e c t r u m  o f  t h e  s p e e c h  a t  a n y  o n e  p o i n t  
i n  t i m e ,  b u t  i t  d i s t u r b s  t h e  t e m p o r a l  p a t t e r n s  o f  s p e e c h ,  
s u c h  a s  d i r e c t i o n s  o f  f o r m a n t  t r a n s i t i o n s  a n d  p a t t e r n s  o f  
f u n d a m e n t a l  f r e q u e n c y .  D i f f e r e n t  t e m p o r a l  p a t t e r n s  o f  s p e e c h
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a re  c o n s id e re d  to  r e f l e c t  le a rn e d  d i f f e r e n c e s  o f  sn e a k e r s ,  
w h i le  d i f f e r e n c e s  in  f req u e n cy  spectrum  a re  c o n s id e re d  to  
r e f l e c t  o rg a n ic  d i f f e r e n c e s .
The a b i l i t y  o f  l i s t e n e r s  to  i d e n t i f y  f a m i l i a r  sp e ak ­
e r s  i s  a p p re c ia b ly  im pa ired  when speech  i s  p lay ed  backward. 
C la rk e ,  B ecker, and Nixon (1966) p lay ed  s e n te n c e s  backward 
bo th  w i th  and w i th o u t  f i l t e r i n g .  On th e  a v e ra g e ,  perfo rm ance  
was s l i g h t l y  b e t t e r  f o r  250 Hz h ig h -p a s s  backward speech  th an  
f o r  un f i l t e r e d  backward sp eech . Low p a s s in g  th e  backward 
speech  a t  500 o r  1000 Hz showed a s l i g h t  decrem ent in  p e r ­
form ance. Perform ance o f  W il l ia m s ' (1964) s u b j e c t s  was b e t t e r  
f o r  backward s e n te n c e s  than  f o r  w h isp e red  s e n te n c e s  p layed  
fo rw ard , b u t  p o o re r  th an  f o r  u n d i s t o r t e d  s e n te n c e s .  B r ic k e r  
and P ruzansk y  (1966) compared r e s u l t s  f o r  speech  p layed  
backward w i th  r e c o g n i t i o n  f o r  u n d i s t o r t e d  sp eech . They used  
speech  m a t e r i a l s  o f  v a ry in g  le n g th  and c o m p o s it io n .  R eduction  
in  r e c o g n i t i o n  o f  th e  backward m a t e r i a l  was g r e a t e s t  f o r  
m o n o sy l la b le s  and l e a s t  f o r  s e n te n c e s .  There was an 
appro x im ate  10% re d u c t io n  in  r e c o g n i t i o n  fo r  vowel e x c e rp t s  
p lay ed  backward. T h is  f i n d in g  s u g g e s ts  t h a t  th e r e  i s  some 
sp eak e r  in fo rm a t io n  in  a 100 msec vowel e x c e r p t .
I t  a p p e a rs  t h a t  te m p o ra l  cu es  a re  im p o r ta n t  f o r  
sp e ak e r  r e c o g n i t i o n .  However, Hecker (1971, p . 42) p o in t s  o u t  
t h a t  " i t  i s  n o t  c l e a r  w h e ther  l i s t e n e r s  u se  tem p o ra l  c lu e s  
p e r  se  o r  w h e th er  t h e i r  judgm ents depend on a p e r c e p t u a l l y  
r e a l i s t i c  speech  s i g n a l . "
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A n a ly s is  and S y n th e s i s  T echn iques
W ith th e  developm ent o f  speech  p ro c e s s in g  d e v ic e s  
such  a s  v o co d ers  and s o p h i s t i c a t e d  com puter t e c h n iq u e s ,  th e  
speech  s i g n a l  can be s u b je c te d  to  d e t a i l e d  a c o u s t i c a l  a n a ly s e s  
in  o rd e r  t o  e x p lo re  i t s  sp e a k e r -d e p e n d e n t  p a ra m e te r s .  S e v e ra l  
s t u d i e s  have a t te m p te d  to  d i s c o v e r  th e  r e l a t i v e  c o n t r i b u t i o n  
o f  th e  v o c a l - t r a c t  f u n c t io n  ( a l s o  r e f e r r e d  to  a s  th e  a r t i ­
c u l a t o r y  c h a r a c t e r i s t i c s )  and th e  g l o t t a l - s o u r c e  c h a r a c ­
t e r i s t i c s  t o  sp e a k e r  i d e n t i f i c a t i o n .  However, a d e f i n i t i v e  
answ er f o r  th e  t r a c t - s o u r c e  i s s u e  i s  n o t  a v a i l a b l e .
An e a r l y  a t te m p t  t o  m a n ip u la te  fo rm ant f r e q u e n c ie s  
by u se  o f  a vocoder i s  r e p o r t e d  by Shearme and Holmes (1 9 5 9 ) .  
These i n v e s t i g a t o r s  u sed  a c h a n n e l  vocoder to  produce  a 
u n iq u e  form o f  s p e c t r a l  d i s t o r t i o n  t h a t  was d e s ig n e d  to  
o b sc u re  a p r im ary  sp e a k e r -d e p e n d e n t  e f f e c t  o f  a r t i c u l a t i o n ,  
nam ely th e  r e l a t i v e  sp a c in g  o f  t h e  fo rm ant f r e q u e n c ie s .
S e v e ra l  seconds o f  speech  were p ro c e s s e d  th ro u g h  th e  vocoder  
t h a t  s h i f t e d  th e  s p e c t r a l  en v e lo p e  in  th e  f req u e n cy  ran g e  o f  
t h e  f i r s t  fo rm ant upward by 100 Hz, and th e  second and t h i r d  
fo rm ant r e g io n s  by 300 Hz. L a ry n g e a l  f req u e n cy  c h a r a c t e r ­
i s t i c s  were e l im in a te d  by u s in g  a f ix e d  v o ic in g  f re q u e n c y .  
T re a te d  and u n t r e a t e d  speech  sam ples were p r e s e n te d  to  
l i s t e n e r s  in  a d i s c r i m i n a t i o n  t e s t .  When o n ly  one v o ic e  o f  
th e  p a i r  was t r e a t e d  by f re q u e n c y  s h i f t i n g ,  th e  f a l s e  
a c c e p ta n c e  r a t e  f o r  d i f f e r e n t - s p e a k e r  p a i r s  was o n ly  about
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7%, bu t t h e  f a l s e  r e j e c t i o n  r a t e  f o r  sa m e-sp e ak e r  p a i r s  was 
abou t 90%, When b o th  v o ic e s  were t r e a t e d ,  th e  f a l s e  
a c c e p ta n c e s  went up to  a lm o s t 50%; no sam e-sp eak e r  p a i r s  
w i th  b o th  sam ples t r e a t e d  were p r e s e n t e d .  The n a tu r e  o f  
th e  e x p e r im e n ta l  d e s ig n  makes i t  d i f f i c u l t  to  d e te rm in e  how 
much th e  d i f f e r e n c e  in  l i s t e n e r s '  r e s p o n s e s  f o r  th e  t r e a t e d  
and u n t r e a t e d  c o n d i t i o n s  was due t o  th e  s h i f t  o f  f r e q u e n c ie s  
and how much to  s h i f t s  in  c r i t e r i o n .  N o n e th e le s s ,  t h i s  
s tu d y  p r e s e n t s  e v id e n c e  t h a t  th e  c h a r a c t e r i s t i c s  o f  th e  
s p e c t r a l  e n v e lo p e  o f  sp eech  p la y  a p a r t  in  r e c o g n i t i o n  o f  a 
s p e a k e r ' s  v o ic e ,  and c h a t  th e  im p o r ta n t  c h a r a c t e r i s t i c  i s  
c o n n ec te d  w i th  fo rm ant p o s i t i o n s .
M i l l e r  (1964) co nd uc ted  a more d i r e c t  i n v e s t i g a t i o n  
o f  th e  r e l a t i v e  c o n t r i b u t i o n  o f  a r t i c u l a t o r y  and g l o t t a l -  
so u rc e  c h a r a c t e r i s t i c s  em ploying a c o m p u te r iz ed  a n a l y s i s -  
s y n t h e s i s  t e c h n iq u e  c a l l e d  in v e r s e  f i l t e r i n g .  The com puter 
s y n th e s iz e d  speech  s i g n a l s  which m ight be e n c o u n te re d  i f  i t  
w ere p h y s i o l o g i c a l l y  p o s s i b l e  to  in te r c h a n g e  e i t h e r  v o c a l  
t r a c t s  o r  th e  la ry n g e s  o f  two s p e a k e r s .  In o t h e r  w ords, 
th e  v o c a l - t r a c t  t r a n s f e r  f u n c t io n  and th e  g l o t t a l - s o u r c e  
waveform w ere s e p a r a t e d .  The speech  was recom bined  in  
s e v e r a l  i n t r i g u i n g  w ays. Examples in c lu d e  one c a s e  in  which 
th e  t r a c t  in fo rm a t io n  f o r  two s p e a k e r s ,  who spoke th e  nonsense  
word /h o d /  a t  ab ou t t h e  same p i t c h  and d u r a t i o n ,  were i n t e r ­
changed . L i s t e n e r s  judged  th e  s a m e - t r a c t  sam ples to  sound 
more l i k e  th e  o r i g i n a l  u t t e r a n c e s  th a n  d id  th e  sam e-source
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sam p le s .  T ra c t  d a ta  f o r  s i x  s p e a k e rs  was combined w i th  two 
a r t i f i c i a l  g l o t t a l  p u l s e  shapes  to  d i s c o v e r  th e  im portance  
o f  th e  g l o t t a l  s o u rc e .  L i s t e n e r s  r e p o r t e d  t h a t ,  a l th o u g h  
th e  e f f e c t s  o f  th e  g l o t t a l  wave w ere n o t i c e a b l e ,  th e  v o ic e s  
s t i l l  sounded l i k e  th o s e  o f  t h e i r  t r a c t  d o n o rs .  Two o th e r  
r e s y n t h e s i s  p ro c e d u re s  a l s o  su g g e s te d  t h a t  t h e  s y n th e s iz e d  
v o ic e  sounded l i k e  th e  sp e a k e r  whose t r a c t  was r e p r e s e n te d .  
However, M i l l e r  (1 9 6 4 ) ,  Hecker (1 9 7 1 ) ,  and B r ic k e r  and 
P ru z an sk y  (1976) p o in t  o u t  t h a t  th e s e  r e s u l t s  were in f lu e n c e d  
by f a c t o r s  i n h e r e n t  to  th e  te c h n iq u e  o f  in v e r s e  f i l t e r i n g .
M atsumoto, H ik i ,  Sone, and Nimura (1973) a l s o  used  
in v e r s e  f i l t e r i n g  to  e s t im a t e  g l o t t a l  waveform and form ant 
f r e q u e n c y  p a t t e r n s  among v o ic e  sam ples w i th  th e  same fu n d a ­
m e n ta l  p i t c h  f re q u e n c y .  I t  was co n c lu d ed  from t h e i r  r e s u l t s  
t h a t  th e  m agnitude  o f  t h e  c o n t r i b u t i o n  o f  th e  v o c a l  t r a c t  
c h a r a c t e r i s t i c s  ( th e  d e v ia t i o n  o f  th e  fo rm ant f r e q u e n c i e s )  
t o  th e  p e r c e p t u a l  d i f f e r e n c e  o f  p e r s o n a l  q u a l i t y  v a r i e d  
w id e ly  a c c o rd in g  to  th e  k in d  o f  vow el, and t h a t  t h i s  was n o t  
th e  c a s e  w i th  th e  g l o t t a l  so u rc e  c h a r a c t e r i s t i c s  ( th e  s lo p e  
o f  t h e  g l o t t a l  so u rc e  spec tru m  and th e  f l u c t u a t i o n  o f  th e  
fundam en ta l  p i t c h ) .  Only in  th e  c a s e  o f  th e  Ja p a n e se  vowel 
/ a /  was th e  c o n t r i b u t i o n  o f  th e  v o c a l  t r a c t  c h a r a c t e r i s t i c s  
l a r g e r  th a n  t h a t  o f  th e  g l o t t a l  so u rc e  c h a r a c t e r i s t i c s .
E v a l u a t i n g  t h e  T r a n s m i s s i o n  S y s t e m
D uring th e  d e s ig n ,  deve lopm en t, and t e s t i n g  o f  speech
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h a n d l in g  o r  p ro c e s s in g  sy s tem s, t h e r e  i s  a need  f o r  e v a lu a t io n  
and f o r  o p t im iz a t io n  c r i t e r i a .  Speech q u a l i t y  p ro c e d u re s  
can in c lu d e  many f a c t o r s ;  i n t e l l i g i b i l i t y  (main e v a lu a t io n  
c r i t e r i o n  in  th e  p a s t ) ,  p r e f e r e n c e ,  lo u d n e s s ,  t im b re  and 
rh y thm ic  c h a r a c t e r ,  s y s te m a t ic  a m p li tu d e  o r  tim e d i s t o r t i o n ,  
c l a r i t y  and n a t u r a l n e s s ,  and sp e a k e r  r e c o g n i z a b i l i t y . Only 
some o f  t h e s e  f a c t o r s  can be m easured o b j e c t i v e l y  (Hecker 
and Guttman, 1967; R o th a u se r ,  Urbanek, and P a c h l ,  1968; 
N ak a ta n i  and Dukes, 1973). Among th e  t e s t s  w hich have been 
u sed  to  e v a lu a t e  system s w i th  r e s p e c t  to  sp e ak e r  r e c o g n iz a ­
b i l i t y  a r e  th e  m o d if ied  speake r-n am ing  t e s t  (S te v e n s ,  Hecker, 
and K r y te r ,  1962; S tu n t z ,  1963) and th e  v o i c e - a t t r i b u t e  r a t i n g  
t e s t  (V o ie r s ,  Cohen, and M ickunas, 1965). Some o f  t h e s e  
s t u d i e s  p ro v id e  o p p o r tu n i ty  f o r  exam in ing  th e  r e l a t i o n s h i p  
between i n t e l l i g i b i l i t y  and sp e ak e r  r e c o g n i z a b i l i t y .
Hecker and W ill iam s (1965) were concerned  w i th  th e  
i n t e r - r e l a t i o n  among r e s u l t s  o f  p a ire d -c o m p a r iso n  p r e f e r e n c e  
t e s t s ,  s p e a k e r - i d e n t i f i c a t i o n  t e s t s ,  p h o n e t i c a l l y  b a lan ced  
(PB) w o r d - i n t e l l i g i b i l i t y  t e s t s ,  and n o n s e n s e - s y l l a b l e  
a r t i c u l a t i o n  t e s t s .  F ive  s im u la te d  com m unication sy s tem s, 
r e p r e s e n t i n g  d i f f e r e n t  ty p e s  and d e g re e s  o f  d i s t o r t i o n ,  were 
used  to  p ro c e s s  th e  r e c o rd e d  speech  m a t e r i a l s .  Two system s 
were found to  be e q u iv a le n t  in  speech  q u a l i t y ,  and two s y s ­
tems were found to  be e q u iv a le n t  in  i n t e l l i g i b i l i t y .  But 
fo u r  system s were e q u iv a le n t  in  sp e ak e r  i d e n t i f i a b i l i t y .
O n l y  t h e  m o s t  s e v e r e  f o r m  o f  s p e e c h  s i g n a l  d e g r a d a t i o n
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( p e a k - c l i p p in g  fo l lo w ed  by b an d p ass  f i l t e r i n g )  p roduced  a 
s t a t i s t i c a l l y  s i g n i f i c a n t  r e d u c t i o n  in  th e  s c o r e s  o b ta in e d  
w i t h  th e  m o d if ie d  sp e ak e r-n am in g  t e s t .  C la r k e ,  B ecker ,  and 
Nixon (1966) c o r r o b o r a te d  t h i s  f i n d i n g .
The e f f e c t s  o f  t h r e e  sp eech  t r a n s m is s io n  sy s tem s  on 
v e r i f i c a t i o n  a c c u ra c y  by human l i s t e n e r s  w ere  d e m o n s tra te d  
by McGonegal, R a b in e r ,  and McDermott (1 9 7 8 ) .  T h is  e f f e c t  i s  
p o t e n t i a l l y  an im p o r ta n t  one f o r  d i g i t a l  com m unica tions 
p rob lem s o v e r  t e le p h o n e  l i n e s  where t h e  t r a n s m i s s io n  sys tem  
c o u ld  v a ry  from one w hich  g iv e s  a h ig h  q u a l i t y  coded r e p r e ­
s e n t a t i o n  o f  th e  s i g n a l  t o  a  l o w - b i t - r a t e  v o c o d e r .  T h is  
s tu d y  showed th e  f a l s e  a la rm  r a t e  ( i . e . ,  a c u s to m er  i s  r e ­
j e c t e d )  t o  be s i g n i f i c a n t l y  h ig h e r  when th e  t e s t  and r e f e r ­
en ce  u t t e r a n c e s  w ere  t r a n s m i t t e d  by d i f f e r e n t  sys tem s th a n  
when t r a n s m i t t e d  by th e  same sy s te m . The m is s  r a t e  ( i . e . ,  
an im p o s to r  i s  a c c e p te d )  was n o t  s i g n i f i c a n t l y  d i f f e r e n t  f o r  
s i m i l a r  co m p ariso n s  e x c e p t  f o r  one o f  th e  c o n d i t i o n s .  The 
o v e r a l l  c o n c lu s io n  o f  t h e s e  r e s e a r c h e r s  was t h a t  s p e a k e r  
v e r i f i c a t i o n  by human l i s t e n e r s  c a n n o t  be p e rfo rm ed  a s  
a c c u r a t e l y  o v e r  mixed sp e e c h  t r a n s m i s s io n  sy s tem s a s  o v e r  
t h e  same t r a n s m is s io n  sy s te m . One may a l s o  su rm ise  t h a t  when 
a n a l y s i s - s y n t h e s i s  sys tem s a r e  e v a l u a t e d ,  s p e a k e r  r e c o g n i t i o n  
s c o r e s  can be more s e n s i t i v e  i n d i c a t o r s  o f  sy s tem  p e rfo rm an ce  
th a n  i n t e l l i g i b i l i t y  s c o r e s .
The u se  o f  v o i c e - a t t r i b u t e  r a t i n g s  r e p r e s e n t s  
a n o th e r  a p p ro a ch  t o  th e  prob lem  o f  e v a l u a t i n g  com m unication
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sy s te m s .  V o ie rs ,  Cohen, and Mickunas (1965) e x p lo re d  th e  
f e a s i b i l i t y  o f  m easuring  how w e l l  a g iven  communication 
system  p r e s e r v e s  th e  p e r c e p tu a l  p a ra m e te r s  in v o lv e d  in  
sn e a k e r  r e c o g n i t i o n .  Perform ance  s ta n d a r d s  were p ro v id ed  by 
r a t i n g s  o f  u n o ro ce ssed  soeech  sam ples on te n  se m a n t ic -  
d i f f e r e n t i a l  s c a l e s .  A n a ly ses  o f  t h e s e  r a t i n g s  p e rm i t te d  
th e  i d e n t i f i c a t i o n  o f  f i v e  p e r c e p t u a l  f a c t o r s ,  each  o f  which 
was r e p r e s e n te d  by two s c a l e s :  p i tc h - m a g n i tu d e ,  lo u d n e s s -
ro u g h n e s s ,  a n i m a t i o n - r a t e , c l a r i t y - b e a u t y ,  and n o r m a l i ty .  
V arious  vocoder system s w ere e v a lu a te d  in  te rm s o f  th e  d e g re e  
t o  w hich  each  o f  th e s e  f a c t o r s  was t r a n s m i t t e d .  The r e s u l t s  
showed t h a t  some f a c t o r s  d id  n o t  a p p e a r  to  be s u f f i c i e n t l y  
a f f e c t e d  by th e  v o co d ers  to  w a r ra n t  t h e i r  i n c l u s i o n  in  s i m i l a r  
e v a lu a t io n  program s.
McDermott, S c a g l i o l a ,  and Goodman (1978) conducted  
an ex p erim en t to  s tu d y  t h e  p e r c e p t u a l  c h a r a c t e r i s t i c s  o f  
speech  p ro c e sse d  by a d a p t iv e  d i f f e r e n t i a l  PCM (p u ls e  code 
m o d u la t io n ) .  They c r e a t e d  e ig h te e n  t h r e e - b i t  and f o u r - b i t  
c o d e rs  spann ing  a wide ra n g e  o f  q u a n t i z e r  a d a p ta t i o n  p a r a ­
m e te r s .  S u b je c ts  judged d i f f e r e n c e s  between c o d e rs  and 
r a t e d  th e  q u a l i t y  o f  each  cod er  i n d i v i d u a l l y .  The d i f f e r e n c e  
d a ta  r e v e a le d  t h r e e  im p o r ta n t  p e r c e p t u a l  c h a r a c t e r i s t i c s :  
o v e r a l l  c l a r i t y ,  s i g n a l  v e r s u s  background d e g ra d a t io n ,  and 
rough  v e r s u s  smooth im pa irm en t. These c h a r a c t e r i s t i c s  were 
s t r o n g l y  c o r r e l a t e d  w i th  c o d er  d e s ig n  p a ra m e te r s  and 
o b j e c t i v e  perform ance m easu re s .
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L i s t e n e r s
Sources  o f  p r o c e d u r a l  v a r i a b i l i t y  f o r  th e  l i s t e n e r  
e lem en t in  a sp e a k e r  r e c o g n i t i o n  s tu d y  a re  s i z e  and t r a i n i n g .  
There  may be o t h e r  v a r i a b l e s  o f  im po rtance  though  because  
s y s te m a t i c  i n v e s t i g a t i o n s  o f  l i s t e n e r  d i f f e r e n c e s  a re  m is s in g .
W ill ia m s  (1964, 1971) s u g g e s t s  t h a t  a group  s i z e  of 
tw e lv e  i s  l a r g e  enough f o r  a c h ie v in g  s t a b l e  a v e ra g e  p e r f o r ­
mance. T h is  recom m endation was b ased  upon d a t a  r e c e iv e d  
from t h r e e  g roups o f  tw e lv e  l i s t e n e r s  each  who perfo rm ed  
i d e n t i f i c a t i o n s  e q u a l ly  w e l l  u s in g  t h r e e  ty p e s  o f  m a t e r i a l .
T ra in in g  can a f f e c t  d i f f e r e n c e s  between l i s t e n e r  
g ro u p s .  For exam ple, C la rk e  and Becker (1966) r e p o r t  t h a t  
t h e i r  n a iv e  l i s t e n e r s  a c h ie v e d  58% c o r r e c t  r e c o g n i t i o n  in  a 
f o u r - a l t e r n a t i v e  f o r c e d - c h o ic e  t a s k ,  w hereas f i v e  speech  
s c ie n c e  s tu d e n ts  who had worked e x t e n s i v e l y  w i th  th e  ensem ble  
o f  tw e n ty  s p e a k e r s  sc o re d  67%. The i n t e r  l i s t e n e r  e r r o r  
v a r i a b i l i t y  ran g e d  from abou t 8% to  26%.
Tasks
The f i n a l  o p e r a t i o n a l  e lem en t  and so u rc e  o f  p r o c e d u r a l  
v a r i a b i l i t y  f o r  sp e a k e r  r e c o g n i t i o n  r e s e a r c h e r s  d e a l s  w i th  
th e  t a s k  chosen by th e  e x p e r im e n te r .  A ccord ing  to  Brown 
(1979) l i s t e n e r  t a s k s  may be grouped  i n to  two b a s i c  c l a s s e s :  
d e s i g n a t io n  and e v a l u a t i o n .  As each  i s  d i s c u s s e d ,  a s s o c i a t e d  
pe rfo rm ance  m easurem ents w i l l  a l s o  be n o te d .
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D e s ig n a t io n
D e s ig n a t io n  t a s k s  a lw ays in v o lv e  a t e s t  s t im u lu s - ~  
th e  v o ic e  sam ple t o  be c l a s s i f i e d - - a n d  one o r  more r e s p o n s e  
c a t e g o r i e s  d e f in e d  by o t h e r  v o ic e - s a m p le  s t i m u l i .  There  
a r e  two ty p e s  o f  d e s i g n a t i o n  t a s k :  s h o r t - t e r m  memory and
lo n g - te rm  memory. S h o r t - t e r m  memory t a s k s  " in v o lv e  th e  
s t im u lu s  v o ic e  sam ple b e in g  p r e s e n te d  a f t e r  a  d e la y  o f  a t  
m ost a few m in u te s  from th e  p r e s e n t a t i o n  o f  t h e  r e f e r e n c e  
v o ic e  sam ple" (Brown, 1979, p . 7 3 2 ) .  In  lo n g - te rm  memory 
t a s k s ,  " th e  s t im u lu s  v o ic e  sam ple i s  p r e s e n te d  a f t e r  a 
lo n g e r  d e la y .  In  t h i s  c a s e ,  t h e  r e f e r e n c e  v o i c e  p a t t e r n  w i l l  
be s t o r e d  in  lo n g - te rm  memory e i t h e r  th ro u g h  r e h e a r s a l  o r  
b e c a u se  t h e  r e f e r e n c e  v o ic e  p a t t e r n  was a l r e a d y  in  lo n g - te rm  
memory b e fo r e  th e  e x p e r im e n ta l  s e s s io n "  (Brown, 1979, p . 7 3 2 ) ,
S h o r t - t e r m  memory t a s k s  may in v o lv e  s im u l ta n e o u s  o r  
s e q u e n t i a l  p r e s e n t a t i o n .  Examples o f  s e q u e n t i a l  s h o r t - t e r m  
memory t a s k s  a r e  Coleman (1 9 7 3 ) ,  D oehring  and Ross (1 9 7 2 ) ,  
and Shearme and Holmes (1 9 5 9 ) ,  T h ere  a r e  few , i f  any  exam ples o f  
s im u l ta n e o u s  s h o r t - t e r m  memory t a s k s  in  th e  l i t e r a t u r e .
When o n ly  one co m parison  s t im u lu s  i s  p r e s e n t e d ,  t h e  
l i s t e n e r ' s  t a s k  i s  s im p ly  t o  d e c id e  w h e th e r  t h e  t e s t  s t im u lu s  
was o r  was n o t  u t t e r e d  by t h e  same t a l k e r .  T h is  b a s i c  
s t r u c t u r e  i s  common t o  p r o c e d u re s  c a l l e d  s a m e - d i f f e r e n t  
t e s t i n g ,  d i s c r i m i n a t i o n ,  and v e r i f i c a t i o n  (R o se n b e rg ,  1973; 
McGonegal, R a b in e r ,  and McDermott, 1 978 ) ,  S in c e  t h i s  t a s k
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a l lo w s  a no-m atch  response*  th e  q u e s t io n  o f  th e  l i s t e n e r ' s  
c r i t e r i o n  f o r  m atch ing  must be c o n s id e r e d .  C la rk e  and 
Becker (1969) and Matusmoto e t  a l ,  (1973) r e q u i r e d  s u b j e c t s  
t o  e s t im a te  t h e i r  c o n f id e n c e  in  eac h  s a m e - d i f f e r e n t  judgment 
and th en  used  th e  c o n f id e n c e  r a t i n g s  to  c o n s t r u c t  a r e l a t i v e  
o p e r a t in g  c h a r a c t e r i s t i c  (ROC) c u rv e .  A c r i t e r i o n - f r e e  
m easure o f  perfo rm ance  was d e r iv e d  from th e  e m p i r i c a l  r e l a t i v e  
o p e r a t in g  c h a r a c t e r i s t i c s .  A nother m easure c a l l e d  th e  
s i m i l a r i t y  index  can be d e r iv e d  f o r  each  p a i r  o f  sp e a k e rs  in  
a s a m e - d i f f e r e n t  ex p e rim en t by f i n d in g  th e  mean c o n f id e n c e  
r a t i n g  w i th  w hich two d i f f e r e n t  t a l k e r s  were judged  to  be 
th e  same. Matsumoto e t  a l .  (1973) u sed  s i m i l a r i t y  in d ic e s  
a s  in p u t  t o  a m u l t id im e n s io n a l  s c a l i n g  p ro ce d u re  in  o rd e r  to  
c o n s t r u c t  p e r c e p tu a l  sp a ce s  f o r  t h e i r  sp e ak e r  en sem b les .
Long-term  memory t a s k s  may be su b d iv id e d  in to  
f a m i l i a r  and f a m i l i a r i z e d  r e f e r e n c e  v o ic e  p a t t e r n s .  In t a s k s  
in v o lv in g  f a m i l i a r  r e f e r e n c e  v o ic e  p a t t e r n s ,  th e s e  p a t t e r n s  
have been a c q u ire d  th ro u g h  s o c i a l  o r  b u s in e s s  c o n ta c t .
Examples o f  e x p e r im e n ts  u s in g  th e  f a m i l i a r  r e f e r e n c e  v o ic e  
p a t t e r n  a r e  B r ic k e r  and P ruzansky  (1 9 6 6 ) ,  Compton (1 963 ) ,  
Dukiewicz (1 9 7 0 ) ,  and P o l la c k  e t  a l .  (195 4 ) ,  F a m i l i a r i z e d  
r e f e r e n c e  v o ic e  p a t t e r n s  in c lu d e  p a t t e r n s  w hich have been 
p r e s e n te d  to  th e  l i s t e n e r  a t  a much e a r l i e r  s t a g e  in  th e  
e x p e r im e n ta l  s e s s io n ,  so t h a t  th e y  have been s to r e d  in  lo n g ­
te rm  memory th ro u g h  r e h e a r s a l .  W ill iam s (1964) and S tev en s  
e t  a l .  (1968) a r e  exam ples o f  e x p e r im e n ts  t h a t  in v o lv ed
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f a m i l i a r i z a t i o n  o f  r e f e r e n c e  v o i c e s .
The perfo rm ance  m easure most commonly used  w i th  
f a m i l i a r  and f a m i l i a r i z e d  v o ic e  p a t t e r n s  i s  P ( c ) ,  th e  
p e rc e n ta g e  o f  r e s p o n s e s  c o r r e c t .  However, P o l la c k  e t  a l .  
(1954) p r e f e r r e d  to  e s t im a te  th e  amount o f  in fo rm a t io n  t r a n s ­
m i t t e d ,  d e s ig n a te d  T, from th e  sq u a re  s t im u lu s - r e s p o n s e  
c o n t in g e n c y  m a t r i c e s .  They were a b le  to  show t h a t  th e  r e l a ­
t i v e  in fo rm a tio n  t r a n s m i t t e d ,  which i s  d e f in e d  as  T/T max, 
was in d ep e n d en t  o f  re s p o n se  s e t  s i z e ,  a t  l e a s t  ov e r  a l im i te d  
r a n g e .  O the r  i n v e s t i g a t o r s  (B r ic k e r  and P ruzansky , 1966) 
have r e p o r t e d  th e  e n t i r e  s t im u lu s - r e s p o n s e  (o r  c o n fu s io n )  
m a t r ix .
E v a lu a t io n
The term  e v a l u a t i o n  i s  a p p l i e d  to  t a s k s  t h a t  r e q u i r e  
th e  l i s t e n e r  to  judge  th e  v a lu e  of th e  s t im u lu s —v o ic e  on 
some a t t r i b u t e ,  d im en sio n , o r  c h a r a c t e r i s t i c .  Voice sam ples 
may be p re s e n te d  in  two m annersi r a t i n g  and com parison .
R a tin g  r e f e r s  t o  e v a lu a t io n  t a s k s  in v o lv in g  a s i n g l e  v o ic e  
sample a t  a tim e and one o r  more a t t r i b u t e  s c a l e s .  Accord­
i n g ly ,  com parison  r e f e r s  t o  e v a lu a t io n s  o f  two o r  more 
sam ples ( e . g . ,  p a i r - w i s e  s i m i l a r i t y  ju d g m e n ts ) .  P r e s e n t ly  
t h e  l i t e r a t u r e  c o n ta in s  no exam ples o f  c o m p a ra t iv e  e v a l u a t i o n .
S e v e ra l  i n v e s t i g a t o r s  have used  th e  r a t i n g  t a s k  to  
s tu d y  l i s t e n e r  p e r c e p t io n s  o f  a wide v a r i e t y  o f  c h a ra c -
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t e r i s t i c s ,  from th e  o b j e c t i v e l y  v e r i f i a b l e  th ro u g h  th e  p u re ly  
s u b j e c t i v e .  Among th e  form er a re  sex  ( e . g . ,  S chw artz ,  1968) 
and age ( e . g . ,  Shipp and H o l l ie n ,  1969). In te r m e d ia te  
between o b j e c t i v e  and s u b j e c t iv e  c h a r a c t e r i s t i c s  a re  
p sy c h o p h y s ic a l  s c a l e s .  S ingh  and Murry (1978) and C la rk e  
and Becker (1969) r e p o r t e d  th e  perfo rm ance  o f  t h e i r  l i s t e n e r s  
e x p re s s e d  in  te rm s o f  t h e  d eg ree  o f  r e l a t i o n  between th e  
r a t i n g s  and th e  o b j e c t i v e  m easures th o u g h t  to  be t h e i r  c h ie f  
p h y s i c a l  c o r r e l a t e s .  In a d d i t i o n ,  a speech  s i g n a l  p ro c e s s in g  
system  was s tu d ie d  v i a  p s y c h o p h y s ic a l  s c a l e s  by McDermott, 
S c a g l i o l a ,  and Goodman (1 9 7 8 ) .  A s u b j e c t i v e  p ro c e d u re ,  t h e  
sem an tic  d i f f e r e n t i a l  t e c h n iq u e ,  has  been used  by V o ie rs  
(1964, 1965), Holmgren (1 9 6 7 ) ,  and C la rk e  and Becker (1 9 6 9 ) .  
L i s t e n e r s  a re  r e q u i r e d  h e re  to  r a t e  v o ic e  sam ples on a 
number o f  b i p o la r  a d j e c t i v e  s c a l e s  such as  b e a u t i f u l - u g l y  o r  
s h a r p - d u l l .  The p ro ce d u re  p rod uces  d a ta  t h a t  can be f a c t o r -  
a n a ly z e d  in  v a r io u s  ways, some o f  w hich can be mapped o n to  
a o e r c e p t u a l  sp a ce .
P e r c e p t u a l  B a s e s  o f  S p e a k e r  R e c o g n i t i o n
The f i r s t  o f  s e v e r a l  i n q u i r i e s  i n to  th e  o e r c e p tu a l  
b a se s  o f  sp e ak e r  r e c o g n i t i o n  o c c u r re d  in  1937 and 1944 by 
McGehee. These e a r l y  s t u d i e s  a t te m p te d  t o  d e te rm in e  why 
some v o ic e s  cou ld  be i d e n t i f i e d  more r e a d i l y  th a n  o t h e r s  
and why c e r t a i n  v o ic e s  ten d ed  to  be co n fu sed  by l i s t e n e r s .
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U n d erly in g  most s t u d i e s  o f  t h i s  k ind  i s  th e  assum p­
t i o n  t h a t  a l i s t e n e r  makes u se  o f  o n ly  a sm a ll  number o f  
p e r c e p t u a l  p a ra m e te r s  in  d i s c r i m i n a t i n g  between v o ic e s  and 
in  i d e n t i f y i n g  f a m i l i a r  s p e a k e r s .  Because th e  l i s t e n e r  i s  
n o t  c o n s c io u s  o f  t h i s ,  he can n o t  be asked  d i r e c t l y  abou t 
th e  n a tu r e  o f  t h e s e  p e r c e p t u a l  p a ra m e te r s .  In  o rd e r  to  
e x p lo r e  t h e  p a ra m e te r s ,  i t  i s  n e c e s s a r y  to  u s e  i n d i r e c t  
judgm ents and r e l a t i v e l y  complex a n a l y t i c a l  p r o c e d u re s .  I f  
th e  h y p o t h e t i c a l  p a ra m e te rs  can be a d e q u a te ly  d e f in e d  and 
m easured , th e y  can p ro v id e  a u n iq u e  and compact d e s c r i p t i o n  
o f  a p a r t i c u l a r  v o ic e .
V o ie rs  (1964, 1965) and Holmgren (1963, 1967) asked 
l i s t e n e r s  to  r a t e  v o ic e s  on s e v e r a l  s e m a n t i c - d i f f e r e n t i a l  
s c a l e s .  In a d d i t i o n ,  s e v e r a l  p h y s i c a l  m easures  in  th e  speech  
o f  t h e  same s p e a k e rs  w ere  o b t a in e d .  These p h y s i c a l  m easu res  
in c lu d e d  th e  mean and v a r i a n c e  o f  t h e  a m p li tu d e  o f  v o ic e d  
speech  sounds, t h e  a m p li tu d e  o f  v o i c e l e s s  sp eech  sounds, 
and th e  fu n d am en ta l  f re q u e n c y .  Each i n v e s t i g a t o r  found fo u r  
f a c t o r s  s u f f i c i e n t  t o  a cc o u n t  f o r  most o f  th e  v a r i a b i l i t y  
o f  t h e  sp e a k e r  e f f e c t .  Holmgren gave th e s e  f a c t o r s  th e  names 
i n t e n s i t y ,  q u a l i t y ,  p i t c h ,  and r a t e .  Only a few o f  t h e  s c a l e s  
were found to  be c o r r e l a t e d  w i th  e x p e c te d  p h y s i c a l  m ea su re s .  
Even tho ugh  d i f f i c u l t i e s  o f  i n t e r p r e t a t i o n  were e n c o u n te re d  
in  t h e s e  s t u d i e s  a c c o rd in g  to  B r ic k e r  and P ruzansk y  (1 9 7 6 ) ,  
t h e s e  s t u d i e s  n e v e r t h e l e s s  r e v e a l e d  some e v id e n c e  f o r  t h e  
o e r c e p t u a l  s i g n i f i c a n c e  o f  g l o t t a l  fu ndam en ta l  f re q u e n c y ,  o r
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p i t c h ,  a s  W e l l  a s  a  p e r c e p t u a l  f a c t o r  r e l a t e d  t o  s p e e c h  
i n t e n s i t y  o r  e f f o r t .
C la rk e  and Becker (1969) u sed  v a r io u s  c o r r e l a t i o n  
te c h n iq u e s  to  s tu d y  th e  r e l a t i o n s  between p h y s i c a l  m easures  
and t h r e e  k in d s  o f  d a ta  ta k e n  from human l i s t e n e r s :  r a t i n g s
o f  s e l e c t e d  a t t r i b u t e s ,  r a t i n g s  on sem an tic  d i f f e r e n t i a l  
s c a l e s ,  and p e rfo rm ance  on a m atching  t a s k .  T h e i r  p r i n c i p a l  
i n t e r e s t  was in  d e te rm in in g  how w e l l  m atch ing  p erfo rm ance  
c o u ld  be n r e d i c t e d  from p e r c e p t u a l  d a ta  o r  p h y s i c a l  m easu re ­
m en ts .  T h e i r  b a s i c  p h y s i c a l  m easures  were mean g l o t t a l  p e r io d ,  
p e r io d  v a r i a b i l i t y ,  lo n g - te rm  power soec trum , and u t t e r a n c e  
d u r a t i o n .  S ix  p sy c h o p h y s ic a l  s c a l e s  w ere chosen  to  c h a r a c ­
t e r i z e  sp e ak e r  i n d i v i d u a l i t y .  These were p i t c h ,  p i t c h  
v a r i a b i l i t y ,  s i b i l a n t  i n t e n s i t y ,  c l i c k - l i k e  e le m e n ts ,  b r e a t h ­
i n e s s ,  and r a t e .  Only two o f  t h e s e ,  however, were r e p o r t e d  
to  have s u b s t a n t i a l  c o r r e l a t i o n s  w i th  p h y s i c a l  m e a su re s .
T h e s e  w e r e  P i t c h  w i t h  m e a n  p e r i o d  a n d  r a t e  w i t h  d u r a t i o n .
T h is  l a s t  f i n d in g  d i f f e r s  from th e  r e s u l t s  o f  V o ie rs  (1965) 
and Holmgren (1 9 6 7 ) ;  n e i t h e r  o f  whom found a s t r o n g  r e l a t i o n  
between th e  sem an tic  d i f f e r e n t i a l  f a c t o r  r e l a t e d  to  r a t e  
and a o h y s i c a l  m easure  o f  d u r a t i o n .  C la rk e  and B ecker (1969) 
r e p o r t  b o th  p h y s i c a l  m easurem ents and se m an tic  d i f f e r e n t i a l  
d a ta  p r e d i c t  m atch in g  t a s k  perfo rm ance  to  a s t a t i s t i c a l l y  
s i g n i f i c a n t ,  b u t  p r a c t i c a l l y  u n im p re s s iv e ,  d e g re e .
A s tu d y  o f  th e  r e l a t i o n  between a c o u s t i c a l  p a ra m e te rs  
d e r iv e d  from a n a l y s i s - b y - s y n t h e s i s  and s a m e - d i f f e r e n t
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perfo rm ance  has  been r e p o r t e d  by Matsumoto e t  a l .  (19 73 ) .  
T h e i r  method in v o lv e d  c o n s t r u c t in g  a p s y c h o lo g ic a l  a u d i to r y  
space  by a p p ly in g  m u l t id im e n s io n a l  s c a l i n g  to  s i m i l a r i t y  
i n d i c e s  d e r iv e d  from th e  m atch ing  t a s k .  An i n t e r p r e t a b l e  
r o t a t i o n  was a ch iev e d  by o r i e n t i n g  th e  ax es  a lo n g  d i r e c t i o n s  
tak e n  by c e r t a i n  p h y s i c a l  p a ra m e te rs  o f  t h e  speech  sam ples. 
T hree e x p e r im e n ts  u s in g  t h i s  te c h n iq u e  were conducted  to  
a s s e s s  th e  r e l a t i v e  c o n t r i b u t i o n  of t r a c t  and so u rc e  p a r a ­
m e te rs  to  th e  i n d i v i d u a l i t y  o f  v o i c e s .  The g l o t t a l  sou rce  
m easures  were g l o t t a l  fund am en ta l  mean f re q u e n c y ,  v a r ia n c e  
o f  th e  same, and s lo p e  o f  th e  g l o t t a l  spec tru m . Vocal t r a c t  
p a ra m e te rs  w ere th e  f i r s t  t h r e e  form ant c e n t e r  f r e q u e n c i e s .  
They i n t e r p r e t  t h e i r  f i n d in g s  t o  be in  su p p o r t  o f  s e v e r a l  
c o n c lu s io n s :  ( I )  mean g l o t t a l  fundam en ta l f re q u e n c y  makes
a g r e a t e r  c o n t r i b u t i o n  t o  p e rc e iv e d  v o ic e  i n d i v i d u a l i t y  th an  
any o t h e r  p a ra m e te r ;  (2 )  th e  o t h e r  sou rce  p a ra m e te rs  ( s p e c t r a l  
s lo p e  and p i t c h  p e r io d  v a r i a b i l i t y )  make a c o n t r i b u t i o n ,  
r e g a r d l e s s  o f  th e  vowel spoken and in d ep en d en t o f  t r a c t  
c h a r a c t e r i s t i c s ,  and (3 )  fo rm ant f r e q u e n c ie s  make a c o n t r i ­
b u t io n  v a ry in g  in  m agnitude  depending  on th e  vowel spoken. 
However, B r ic k e r  and P ruzansky  (1976) su g g e s t  t h a t  th e s e  
r e s u l t s  a re  n o t  c o n c lu s iv e  f o r  s e v e r a l  r e a s o n s .  For exam ple, 
o n ly  th e  f i v e  Ja p an e se  vow els ,  u t t e r e d  in  i s o l a t i o n  a t  a 
p i t c h  d i c t a t e d  by th e  e x p e r im e n te r  were u se d .  A lso ,  th e  
c o n c lu s io n  abou t mean fu n d am en ta l ,  w h ile  c o n s i s t e n t  w i th  
t h a t  o f  o th e r  e x p e r im e n te r s ,  i s  based  on an experim en t in
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which Che p a ra m ete r  was m an ip u la te d  d e l i b e r a t e l y  over  a 
ran ge  o f  40 Hz. S t i l l ,  t h i s  s tu d y  does su g g e s t  a p rom is ing  
te c h n iq u e  f o r  sp e ak e r  r e c o g n i t i o n  r e s e a r c h .
Singh and Murry (1978) r e p o r t  a s tu d y  t h a t  i n v e s t i ­
g a ted  and a c o u s t i c a l l y  d e f in e d  some o f  th e  p e r c e p tu a l  
p a ra m e te rs  used  to  d i s t i n g u i s h  among norm al male and fem ale  
v o i c e s .  For te n  male and te n  fem ale  s p e a k e r s ,  e ig h t  a c o u s ­
t i c a l  m easures were o b ta in e d ,  and p sy c h o p h y s ic a l  r a t i n g s  o f  
fo u r  commonly used  d e s c r i p t i v e  te rm s were made by te n  speech  
p a t h o l o g i s t s  and te n  women l i s t e n e r s .  The a c o u s t i c a l  
m easures  f o r  each  sp e ak e r  w ere: fundam en ta l f req u e n cy  (Fq ) ,
fo rm ant f r e q u e n c ie s  one (Fj^) and two (F 2 ) ,  th e  r a t i o  o f  F2 
t o  F%, th e  d i f f e r e n c e  between F2 and F i , th e  t o t a l  d u r a t io n  
o f  th e  v o c a l i c  p o r t io n  o f  th e  speech  sam ple, and th e  t o t a l  
number o f  p i t c h  s h i f t s  d u r in g  th e  speech  sam ple. The psycho­
p h y s i c a l  method o f  e q u a l  a p p e a r in g  i n t e r v a l s  was used  to  
o b ta in  judgm ents o f  s i m i l a r i t y  between norm al male and fem ale  
v o ic e s  f o r  p i t c h ,  n a s a l i t y ,  h o a r s e n e s s ,  and b r e a t h i n e s s .  Then 
a m u l t id im e n s io n a l  a n a l y s i s  te c h n iq u e ,  INDSCAL, was u sed  to  
a n a ly z e  th e  a c o u s t i c a l  m easurem ents and r a t i n g s .  The r e s u l t s  
o f  b o th  th e  INDSCAL a n a l y s i s  and c o r r e l a t i o n a l  a n a ly s e s  
su g g e s te d  t h a t  th e  c r i t i c a l  p e r c e p tu a l  a t t r i b u t e  o f  v o ic e  i s  
r e l a t e d  to  th e  d i f f e r e n c e s  between th e  p a ra m e te rs  (b o th  
a c o u s t i c  and p e r c e p t u a l )  o f  male and fem ale  v o i c e s .  In 
o th e r  w ords , th e  most im p o r ta n t  f a c t o r  in  t h e s e  l i s t e n e r s '  
s t r a t e g i e s  f o r  d i s c r im i n a t in g  v o ic e s  was th e  co n cep t o f  male
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v e r s u s  f e m a l e .  S i n g h  a n d  M u r r y  s u g g e s t e d  t w o  p o s s i b l e  
i m p l i c a t i o n s  f o r  t h i s  f i n d i n g .  F i r s t ,  t h e  p e r c e p t u a l  
s t r a t e g i e s  o f  t h e  j u d g e s  r e f l e c t e d  c u l t u r a l  s t e r e o t y p e s  o f  
t h e  m a l e  v o i c e  v e r s u s  t h e  f e m a l e  v o i c e .  And s e c o n d ,  d i f f e r e n t  
v o i c e  p r o d u c t i o n  s t r a t e g i e s  w e r e  u s e d  b y  m a l e  a n d  f e m a l e  
s p e a k e r s .  F o r  e x a m p l e ,  t h e  n u m b e r  o f  p i t c h  s h i f t s  s i g n i f i ­
c a n t l y  p r e d i c t e d  b r e a t h i n e s s  f o r  f e m a l e s  b u t  n o t  f o r  m a l e s .
A s  t h e  s u b j e c t s  s h i f t  p i t c h  d i r e c t i o n ,  c o m p l e t e  v o c a l  f o l d  
a p p r o x i m a t i o n  i s  l e s s  p r o b a b l e .  A c c o r d i n g  t o  S i n g h  a n d  
M u r r y ,  t h i s  m ay  b e  a  l e a r n e d  b e h a v i o r  t o  g e n e r a t e  t h e  b r e a t h y  
" s e x y "  f e m a l e  v o i c e .  A l s o ,  F q w a s  u s e d  b y  m a l e  s p e a k e r s  t o  
p r o d u c e  t h e  p h e n o m e n o n  o f  h o a r s e n e s s ,  a n  a s p e c t  o f  v o i c e  m o r e  
c u l t u r a l l y  a c c e p t a b l e  f o r  m a l e s  t h a n  f o r  f e m a l e s .
One o t h e r  a t te m p t  has  been made to  r e l a t e  d im ensions  
o f  v o ic e  p e rc e p t io n  to  a c o u s t i c  p a ra m e te rs  o f  v o ic e  p ro d u c t io n .  
In t h i s  s tu d y  a f o u r - d im e n s io n a l  INDSCAL a n a l y s i s  o f  s i m i l a r i t y  
r a t i n g s  was employed t o  d e r iv e  p s y c h o lo g ic a l  d im ensio ns  o f  
t a l k e r  s i m i l a r i t y  (Walden, Montgomery, G ib e i ly ,  P ro se k ,  and 
S chw artz , 1978). C o r r e l a t i o n s  between th e  t h i r t e e n  a c o u s t i c  
m easurem ents and th e  f o u r  INDSCAL d im ensio ns  r e v e a l e d  t h a t  
fundam en ta l f re q u e n c y  and word d u r a t io n  were m o d e ra te ly  
c o r r e l a t e d  w i th  two o f  th e  p s y c h o lo g ic a l  d im e n s io n s .  The 
o th e r  two d im ensions  w ere n o t  c o n v in c in g ly  c o r r e l a t e d  w i th  
any o f  t h e  a c o u s t i c  m easurem ents , b u t  were b e s t  d e s c r ib e d  a s  
r e p r e s e n t i n g  v o ic e  q u a l i t y  and t a l k e r  a g e .  The emergence o f  
word d u r a t io n  and mean fund am en ta l  f req u e n cy  a s  d im ensions
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was c o n s i s t e n t  w i th  th e  f i n d in g s  o f  p re v io u s  i n v e s t i g a t i o n s  
o f  v o ic e  p e rc e p t io n  and s p e a k e r  r e c o g n i t i o n  ( V o ie r s ,  1964; 
Holmgren, 1967; C la rk e  and B ecker, 1969; W olf, 1972; and 
Matsumoto e t  a l . ,  1973). However, t h e  f i n d in g  t h a t  t a l k e r  
age i s  an i n f l u e n t i a l  d im en sion  was u n ex p ec ted  and p r e v io u s ly  
u n i d e n t i f i e d .  These a u th o r s  su g g e s te d  i t  was p ro b a b le  t h a t  
th e  l i s t e n e r s  were making t h e i r  s i m i l a r i t y  judgm ents  a long  
some o t h e r  d im ension  o f  v o ic e  p e r c e p t io n  which was h ig h ly  
c o r r e l a t e d  w i th  a g e .
Haggard and Summerfie Id (1979) p r e s e n t  e v id e n c e  
s u g g e s t in g  t h a t  l i s t e n e r s  e x t r a c t  and s t o r e  p a ra m e te r s  
c h a r a c t e r i z i n g  th e  s t y l e  o f  a s p e a k e r  r a t h e r  th a n  m atch ing  
a raw sound image. T h is  e v id e n c e  i s  based  on d a t a  t h a t  
d e m o n s tra te s  improvement in  pe rfo rm ance  can r e s u l t  from 
i n c r e a s in g  th e  l e n g th  o f  e i t h e r  th e  c la im a n t  u t t e r a n c e  o r  
th e  s to r e d  sample even when th e  o t h e r  c an n o t  be i n c r e a s e d .  
T h is  o b s e r v a t io n ,  t o g e t h e r  w i th  th e  r e s u l t s  o f  th e  p re v io u s  
two p e r c e p t u a l  s t u d i e s ,  i n d i c a t e s  th e  human p e r c e p t io n  p ro ­
c e s s  t o  d i f f e r  from t h a t  o f  th e  m achine . In o t h e r  w ords , 
such p e r c e p t u a l  d im en sio n s  a s  se x ,  t a l k e r  age , and se n te n c e  
d u r a t io n  may i n d i c a t e  th e  im p o rtan c e  o f  v i s u a l  in fo rm a t io n  
f o r  t a l k e r  r e c o g n i t i o n .  Speech r e s e a r c h  may indeed  r e a c h  a 
p o in t  where a sm a l l  s e t  o f  h ig h ly  v a l i d  d e s c r i p t i v e  p a r a ­
m e te rs  w i l l  e n a b le  th e  s u p e r i o r  s to r a g e  and p r o c e s s in g  power 
o f  d i g i t a l  com puters  t o  r e t u r n  a perfo rm ance  b e t t e r  th an  th e  
an a lo gou s  human p e rfo rm an c e .
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Q u a l i t a t i v e  c o n t r a s t s  between machine and human 
perfo rm ance  may i l l u m in a t e  th e  m ajo r  d i s c r e p a n c i e s  in  th e  
ty p e  o f  p ro c e s s  each  system  u s e s  f o r  t a l k e r  r e c o g n i t i o n .  
The n e x t  c h a p te r  o u t l i n e s  th e  p r o g r e s s  f o r  machine v e r i f i ­
c a t i o n  o f  s p e a k e r s .
CHAPTER I I I
SPEAKER RECOGNITION SYSTEMi MACHINE
A ty p ic a l  speaker re c o g n itio n  by machine (SRM) study 
invo lves having speakers read  some se le c te d  speech m a te r ia ls  
and then  tra n sm ittin g  th e  speech wave o r speech spectrum to  
an a n a lo g - to -d ig i ta l  co n v e rte r  which transfo rm s th e  speech 
to  numbers u sab le  by a com puter. According to  B ricker and 
Pruzansky (1976), th e  major e f f o r t  o f SRM re se a rc h  has been 
aimed a t  developing computer procedures fo r  (1 ) d e fin in g  and 
e x tra c t in g  a s e t  of a c o u s tic  param eters th a t  might c a rry  
speaker in fo rm ation ; (2) reducing  th e se  param eters to  a se t 
o f fe a tu re s  used in  th e  d ec is io n  p rocess o f recogn iz ing  
speakers; and (3) developing a d e c is io n  ru le  th a t  i s  ta i lo r e d  
to  th e  s e t o f  fe a tu re s  and th e  ta sk  being s tu d ie d .
Machine reco g n itio n  ta sk s  can be d iv id ed  in to  two 
ty p es; speaker v e r i f ic a t io n  and speaker id e n t i f ic a t io n .
For both  ta sk s  the  machine has s to red  re fe re n c e  fe a tu re s  of 
many sp eak ers. In th e  speaker v e r i f ic a t io n  ta s k , a coopera­
t iv e  speaker saying a t e s t  u tte ra n c e  claim s to  be Person X,
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The m achine 's d ec is io n  i s  e i th e r  to  accep t o r  r e j e c t  th a t  
speaker as Person X. In a speaker id e n t i f ic a t io n  ta s k , 
th e  speaker o f th e  t e s t  sample does not claim  an id e n t i ty .
The machine must dec ide  th e  id e n t i ty  of th e  speaker from the  
ensemble o f p o ss ib le  sp eak ers . The v e r i f ic a t io n  ta sk  i s  
Judged no t on ly  more t r a c ta b le  but a lso  of more p r a c t ic a l  
i n t e r e s t .  I t  consequen tly  has rece ived  more emphasis in  
term s o f a system design  (A ta l, 1976; Flanagan, 1976; M artin , 
1976; and Rosenberg, 1976).
Machine experim ents have id e n t i f ie d  se v e ra l ac o u s tic  
param eters th a t  c a rry  speaker in fo rm ation , such as th e  formant 
freq u en c ies  and t h e i r  bandw idths, the  fundam ental vo ice 
frequency, th e  am plitude o f th e  fundam ental frequency, and 
vocal t r a c t  shapes (W akita, 1976). This in fo rm ation  can be 
u s e fu l fo r  te s t in g  models o f th e  human p e rcep tu a l and d ec is io n  
p ro cesses . The rem ainder o f t h i s  chap ter w i l l  b r ie f ly  d iscu ss  
re se a rc h  problems and major c o n tr ib u tio n s  o f t h i s  f i e l d .
F i r s t ,  some o f th e  d a ta  c o l le c t io n  c o n s id e ra tio n s  p r io r  to  
d ig i t a l i z a t io n  a re  p re se n ted . Then computer procedures are  
d esc rib ed . F in a lly , th e  p rocess o f speaker re c o g n itio n  by 
l is te n in g  and machine i s  compared.
Data C o llec tio n
Three s tag es  lead ing  to  th e  reco g n itio n  response can 
be d e lin e a te d . They a re  th e  speaker ensemble, speech m a te r ia l , 
and tran sm issio n  system .
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Speaker Ensemble
Id e a lly , th e  da ta  base fo r  speaker ré c o g n itio n  
s tu d ie s  should in c lu d e  a la rg e  number of sp eak ers . C o llec­
t io n  o f speech d a ta  from a la rg e  number o f  speakers poses 
many p r a c t ic a l  problem s. Consequently, most s tu d ie s  involve 
sm all popu la tions o f ten  to  t h i r t y  sp eak ers . But a few 
s tu d ie s  have te s te d  speech d a ta  from one hundred o r more 
sp eak ers . These a re  the  Texas Instrum ents e n try  c o n tro l 
system which has made over 150,000 v e r i f ic a t io n s  over a p erio d  
o f a y ea r on a population  o f 180 u s e rs , and th e  B e ll Labs 
te lephone system which made over 4500 v e r i f ic a t io n s  over a 
five-m onth period  on a popu la tion  o f approxim ately  iOO u se rs  
(Rosenberg, 1976). O ther la rg e  t e s t  p o p u la tio n s have been 
re p o rte d  by B rick er, Gnanadesikan, Mathews, Pruzansky, Tukey, 
W achter, and Warner (1971), Das and Mohn ( l9 7 1 ) , and H air 
and R ekieta  (1972). A ll show prom ising r e s u l t s  w ith  high 
re c o g n itio n  r a te s .
The com position and c h a r a c te r i s t ic s  o f th e  speaker 
p o p u la tio n  are o th e r  im portant c o n s id e ra tio n s . Most ev a lu ­
a t io n s  have included only  male ta lk e r s  of s im ila r  age and 
re g io n a l d ia le c t .  In th e  few s tu d ie s  th a t  co n ta in  both males 
and fem ales, id e n t i f ic a t io n  was based on s p e c tr a l  d a ta  w ith  
no p i tc h  in fo rm ation , and confusions d id  c ro ss  sex boundaries 
(B rick e r e t  a l . , 1971; Pruzansky, 1963; Pruzansky and Mathews, 
1964). Relevant tem porary and ch ron ic  speech i r r e g u la r i t i e s
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have n o t been considered  in  re c o g n itio n  experim ents to  d a te .
Some s tu d ie s  have examined how w e ll a system can 
r e s i s t  th e  e f f e c t s  o f determ ined mimics, Lummis and Rosenberg
(1971) and Doddington (1974) employed p ro fe s s io n a l mimics 
to  p rovide im ita tio n s  o f  t h e i r  sp eak ers . Both s tu d ie s  found 
mimic acceptance s ig n i f ic a n t ly  g re a te r  than  acceptance of 
c a u sa l im posto rs. In c o n t r a s t ,  H air and R ek ieta  (1972) 
observed some in c re a se  in  s im i la r i ty  fo r  in d iv id u a l f e a t u r e s . 
in  th e i r  mimic v e r i f ic a t io n  scheme, but th e  a ttem pt a t  
accep tance when a l l  fe a tu re s  were combined was u n su ccessfu l. 
A ccording to  Rosenberg (1976) th e  ev a lu a tio n  o f a sy stem 's 
r e s is ta n c e  to  mimics depends on th e  d e f in i t io n  o f a s k i l le d  
mimic. Those who depend on c a r ic a tu re  fo r  th e i r  im ita tio n s  
would be poor can d id a tes  fo r  system s which make s tro n g ly  
p h y s io lo g ic a lly  c o r re la te d  measurements r a th e r  than m easure­
ments c o r re la te d  w ith  behavior o f learned  c h a r a c te r i s t i c s .
In co n s id e rin g  a r e la te d  mimicry problem , system s whose 
measurements a re  p h y s io lo g ic a lly  o r ie n te d  may n o t be ab le  to  
d isc rim in a te  among c lo se  fam ily  members, e s p e c ia l ly  id e n t ic a l  
tw in s . More study o f mimicry and id e n t ic a l  tw ins i s  needed.
Speech M a te ria l
In ad d itio n  to  th e  d e s i r a b i l i t y  o f t e s t in g  a la rg e  
p o p u la tio n  o f speakers th e re  a re  o th e r  co n s id e ra tio n s  to  be 
examined w ith  reg a rd  to  the  experim en ta l d a ta  base .
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R esearchers have been concerned about Che amount of tim e over 
which th e  re fe re n c e  samples a re  c o l le c te d , th e  tim e elapsed  
between th e  l a s t  re fe re n c e  sample and th e  t e s t  sample, and 
th e  minimum number o f samples needed to  form a re p re s e n ta tiv e  
re fe re n c e  p a t te rn .  For t h i s  d isc u ss io n  a re fe ren c e  p a tte rn  
i s  considered  "a s e t o f averaged o r w eighted fe a tu re s  th a t  
a re  determ ined from se v e ra l re fe re n c e  samples o f a given 
speaker" (B rick er and Pruzansky, 1976, p .315).
Many s tu d ie s  show th a t  u tte ra n c e s  spoken during  one 
reco rd in g  se ss io n  tend to  be s im ila r  and do n o t re p re se n t 
v a r ia t io n s  o f speech p a t te rn s  th a t  may be expected over a 
p erio d  o f tim e (Das and Mohn, 1971; F u ru i, I ta k u ra , and 
S a ito , 1972; Hargreaves and S tarkw eather, 1963; Luck, 1969; 
and Sambur, 1975). The problem o f long-term  v a r ia t io n  has 
been examined in  some d e t a i l  in  th e  in v e s tig a tio n s  o f  Furui 
e t  a l .  (1972, 1973, 1974, 1975). These re se a rc h e rs  were ab le  
to  examine th e  e f f e c t s  o f in te rv a ls  o f up to  i8  months 
between sam ples. The b e s t id e n t i f ic a t io n  and v e r i f ic a t io n  
r a te s  were o b ta in ed  when th e  re fe re n c e  d a ta  was c a lc u la te d  
from four samples taken a t  in te rv a ls  o f  th re e  months. The 
d a ta  base used by Sambur a lso  extended over a long p e rio d — 
up CO 3% -years. The on ly  fe a tu re  re p o rte d  by Sambur to  be 
s tro n g ly  a f fe c te d  by t h i s  in te rv a l  was average p i tc h .
Fewer u tte ra n c e s  (g e n e ra lly  f iv e  or s ix )  have been 
used in  re fe re n c e  p a t te rn s  fo r  speaker id e n t i f ic a t io n  e x p e ri­
ments than fo r  speaker v e r i f ic a t io n  s tu d ie s , one of which
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used as many as 125 u tte ra n c e s  c o lle c te d  over e ig h t days 
(Luck, 1969), However, very  high v e r i f ic a t io n  has been 
achieved usin g  on ly  ten  re fe ren c e  u tte ra n c e s  c o lle c te d  over 
a two month period  (Doddington, 1970; Lummis, 1973).
Most SRM experim ents have req u ired  th a t  th e  te x t  of 
th e  re fe ren ce  and t e s t  u tte ra n c e s  be th e  same so th a t  c o r re ­
sponding speech even ts can be compared. Speech sounds, whole 
w ords, p h rases , and sen tences have been u sed . R ecently  th e re  
has been an in c re as in g  in te r e s t  in  com puter-based techniques 
fo r  tex t-in d ep en d en t speaker re c o g n itio n . The term  " te x t-  
independent" has been used in  se v e ra l d i f f e r e n t  c o n te x ts .
For example, A ta l (1974) has used th e  term  in  th e  sense of 
choosing independent randomized t e s t  frames from a s in g le  
sen tence to  use a g a in s t th e  rem aining frames as a re fe ren ce  
s e t .  Sambur (1976) has used th e  term in  an experim ent in  
which th e  sen tences in  th e  t e s t  s e t  were d if f e r e n t  from those  
in  th e  re fe re n c e  s e t ,  even though each speaker read  p re c is e ly  
th e  same l i s t  of sen ten ces . Although u s e fu l in s ig h t has been 
gained by th ese  approaches, they  a re  l in g u i s t i c a l l y  co n s tra in ed , 
M arkel and Davis (1979) re p o r t f in d in g s  suggesting  th a t  i f  
th e  p e r t in e n t  param eters a re  averaged over s u f f ic ie n t ly  long 
in te rv a ls  o f tim e, such as 30 s o r  more, th e  fe a tu re s  ob tained  
a re  e s s e n t ia l ly  f re e  of l in g u is t ic  c o n s tr a in t ,  showing speaker 
re c o g n itio n  performance comparable w ith  some tex t-dependen t 
speaker re co g n itio n  experim ents, A very la rg e  d a ta  base con­
s i s t in g  o f over t h i r t y - s i x  hours o f unconstra ined  extemporaneous
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speech from seven speakers recorded over a period  of more 
than  th re e  months was analyzed to  determ ine th ese  im portant 
r e s u l t s .  In many p r a c t ic a l  s i tu a t io n s ,  a tex t-in d ep en d en t 
speaker id e n t i f ic a t io n  system could overcome problems which 
may a r is e  i f  th e  speaker i s  uncoopera tive , and obviously  
th e re  i s  a g re a t in te r e s t  fo r  communication over channels 
which have no l in g u i s t ic  c o n s tra in ts .
Furui e t  a l .  (1972) were concerned about th e  leng th  
o f speech req u ired  to  keep th e  phonetic  sequence from in ­
flu en c in g  th e  long-term  average spectrum . They concluded 
th a t  th e  sample len g th  necessary  fo r  determ ining  average 
spectrum p a t te rn s  i s  o f th e  o rder o f  ten  seconds. A tal
(1972) d escrib ed  a procedure th a t  r e s u l te d  in  h igh  id e n t i ­
f ic a t io n  accuracy fo r  speech o f two seconds in  d u ra tio n , 
even though th e  te x ts  o f th e  t e s t  and re fe ren ce  were d i f f e r e n t .
Transm ission System
The reco rd in g  environment and th e  co n d itio n s  
governing the  tran sm iss io n  of th e  speech s ig n a l to  the  
p rocesso r a re  f a c to rs  which may determ ine th e  u ltim a te  
success o f  a sp e ak er-reco g n itio n  system . Two problems of 
in te r e s t  a re  m u l t i - ta lk e r  environm ents and background n o ise .
Parsons and Weiss (1975) and Parsons (1976) re p o rt 
p rog ress towards enhancing i n t e l l i g i b i l i t y  of speech in  
environm ents where the  in te r fe re n c e  i s  th e  speech o f ano ther
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ta lk e r .  S p e c if ic a l ly , th e  F ou rie r transfo rm  o f th e  speech 
s ig n a l i s  d is se c te d  in to  components belonging to  each ta lk e r .  
The sound of th e  d e s ire d  vo ice  i s  then re co n s tru c ted  from 
i t s  components as id e n t i f ie d  by th e  d is s e c t io n . I t  i s  not 
c le a r  y e t , however, w hether th i s  se p a ra tio n  can be done 
au to m a tica lly  by machine.
P re lim in ary  d a ta  in d ic a te s  th a t  th e  a d d itio n  of 
w hite n o ise  d i s t o r t s  th e  a c o u s tic a l  m a n ife s ta tio n s  of speaker 
and speech id e n t i ty .  Doddington and Hydrick (1 9 7 5 ).and 
Sambur and Jayan t (1976) adv ise  s ig n a l- to -n o is e  r a t io s  in  
excess o f 20 dB and 17.5 dB, re s p e c tiv e ly , fo r  accep tab le  
speaker and speech re c o g n itio n  perform ance. Speech m a te r ia l 
(sen ten ces) and speech param eter measurement d if fe re d  fo r  
th e se  two s tu d ie s . Neely and Reddy (1971) in v e s tig a te d  
speech reco g n itio n  in  th e  presence o f n o ise . Three types of 
n o ise —te le ty p e  id l in g , te le ty p e  ty p in g , and machine room 
(fan s and a i r  c o n d itio n e rs )--w e re  recorded  u sing  an omnidi­
r e c t io n a l  microphone. Each kind of n o ise  was mixed w ith  
u tte ra n c e s  a t  two d i f f e r e n t  s ig n a l- to -n o is e  r a t io s i  15 and 
25. R ecognition r e s u l t s  in d ic a te  very  poor sco res  (below 
43%) fo r a l l  th re e  types o f  n o ise  a t  15 dB. For th e  25 dB 
co n d itio n , accuracy  improved somewhat. That i s ,  re c o g n itio n  
accuracy was 67% fo r  id l in g  n o ise , 43% fo r  typ ing  n o ise , and 
54% fo r machine room n o ise .
A stan d -a lo n e  n o ise  suppression  a lgo rithm  has been 
p resen ted  fo r  reducing th e  s p e c tra l  e f f e c t s  o f a c o u s tic a l ly
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added n o ise  in  speech (B o ll, 1979). This method suppresses 
s ta t io n a ry  n o ise  from speech by su b tra c tin g  th e  s p e c tra l  
n o ise  b ia s  c a lc u la te d  during  nonspeech a c t iv i ty .  I t  appears 
to  be a prom ising techn ique fo r  speaker rec o g n itio n  system s.
In an e a r l i e r  paper (McGonegal, R abiner, and 
McDermott, 1978), th e  e f f e c t s  o f s e v e ra l tran sm issio n  systems 
on speaker v e r i f ic a t io n  by human l i s t e n e r s  were re p o rte d .
I t  was shown th a t  th e  tran sm iss io n  system played a s ig n i f ic a n t  
ro le  in  th e  speaker v e r i f i c a t io n  p ro cess . A l a t e r  study by 
McGonegal, Rosenberg, and Rabiner (1979) shows th e  e f f e c t s  
o f th e  tran sm iss io n  system on an e x is t in g  autom atic speaker 
v e r i f ic a t io n  system in  which th e  measured fe a tu re s  were 
p i tc h  and gain  as a fu n c tio n  o f tim e fo r  a sp e c if ie d  u t t e r ­
ance. In t h i s  experim ent, th e re  were ten  male and ten  
female custom ers and fo r ty  male and fo r ty  female im postors. 
F i f ty  u tte ra n c e s  were reco rded  u sing  a conven tiona l te lephone 
connection  over a p e rio d  of two months. A ll u tte ra n c e s  were 
po st-p ro cessed  by an ADPCM coding system and LPC vocoding 
system . When the  re fe re n c e  and t e s t  u tte ra n c e s  were sub jec ted  
to  d i f f e r e n t  tran sm iss io n  system s, no s ig n i f ic a n t  d if fe re n c e  
in  th e  v e r i f ic a t io n  accuracy  o f t h i s  autom atic system was 
found. This r e s u l t  may v e r i f y  th a t  p i tc h  and gain  a re  ro b u s t 
fe a tu re s  fo r  use in  a speaker v e r i f ic a t io n  system .
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Computer Procedures
The machine a n a ly s is  o f speaker re co g n itio n  may be 
considered  c o n s is t in g  o f th re e  s te p s t (1) d e fin in g  and 
e x tra c t in g  a c o u s tic  param eters, (2 ) d a ta  red u c tio n  and 
fe a tu re  e v a lu a tio n , and (3 ) choosing d ec is io n  r u le s .
D efining and E x trac tin g  A coustic  Param eters
A coustic  param eters th a t  have been considered  in 
SRM s tu d ie s  have been d iv id ed  by B ricker and Pruzansky (1976) 
in to  th re e  groupst (1) tim e-v ary in g  measures made on p re ­
sc rib e d  te x t  m a te r ia l ;  (2 ) param eters measured from s p e c if ic  
speech ev en ts ; and (3 ) measures o f  long-tim e average s p e c tra .
The s im p le s t measures of th e  f i r s t  type th a t  have 
been in v e s tig a te d  a re  tim e-by-frequency  m a trices  o f s p e c tra l  
en e rg ie s  fo r  words and phrases (L i, Dammann, and Chapman, 
1966; R am ishv ili, 1966; Pruzansky and Mathews, 1964; and 
Pruzansky, 1963). These d a ta  m a tr ic e s , which may be regarded 
as d i g i t a l  spectrogram s, a t  f i r s t  re p re se n t d if f e r e n t  u t t e r ­
ances by th e  same speaker and a re  l a t e r  combined to  form a 
s in g le  re fe re n c e  m atrix  fo r  each speaker. The rows of th e  
m a trix  correspond to  the  frequency bands o f a spectrum 
a n a ly ze r. The columns correspond to  the  tem poral lo c a tio n s  
o f  th e  sampled s p e c tra , w h ile  each m atrix  c e l l  d e sc rib es  a 
measured am plitude le v e l .  The degree o f s im i la r i ty  between
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a t e s t  m a trix  and th e  re fe re n c e  m a trix  determ ines th e  speaker 
rec o g n itio n  d e c is io n . S everal in v e s t ig a to r s ,  arguing th a t  
s p e c tr a l  m easures are  s e n s i t iv e  to  deg rada tion  o f the  t r a n s ­
m ission system , have s tu d ied  re c o g n itio n  performance using  
param eters such as p i tc h , form ant, and in te n s i ty  con tours 
o f sen tences (A ta l, 1972b; Doddington, 1970; Lummis, 1973; 
Rosenberg and Sambur, 1975).
Even though they  have th e  same te x t  and a re  spoken 
by th e  same speaker, speech even ts  in  two u tte ra n c e s  are  
seldom synchronized in  tim e. D iffe ren ces  in  speaking r a te s  
can cause t h i s  e f f e c t .  In comparing tim e-vary ing  param eters, 
i t  i s  necessary  th a t  th e se  be derived  from s im ila r  speech 
ev en ts  in  the  re fe re n c e  and t e s t  u t te ra n c e s .  Approximate 
tim e synch ron iza tion  can be achieved by a lig n in g  th e  beginning 
and the  end of th e  two u tte ra n c e s . More accu ra te  synchroni­
z a tio n  can be achieved by a prom ising tim e n o rm aliza tion  
procedure f i r s t  developed by Doddington (1970). This proce­
dure tim e r e g i s t e r s  the  t e s t  sen tence w ith  the re fe re n c e  
sentence by n o n lin ea r warping o f th e  tim e ax is  o f th e  t e s t  
u t te ra n c e . Dynamic programming has a lso  been found u se fu l 
fo r  perform ing n o n lin ea r tim e-w arping (White and Neely, 1976; 
Sakoe and Chiba, 1978; Tappert and Das, 1978),
An a l te r n a t iv e  procedure has been to  id e n tify  a 
number o f "landm arks” in  th e  u tte ra n c e s  and to  a l ig n  th e  
u tte ra n c e s  by l in e a r  s tre tc h in g  o r com pression o f th e  tim e 
sc a le s  between th e  landmarks (Das and Mohn, 1971). S everal
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s tu d ie s  have attem pted to  avoid th e  alignm ent problem by 
s e le c tin g  ac o u s tic  param eters measured a t  s p e c if ic  speech 
even ts in  an u tte ra n c e  (Glenn and K le in e r, 1968; Luck, 1969; 
Wolf, 1972; H air and R ek ie ta , 1972; Su, L i, and Pu, 1974; 
Sambur, 1975), This procedure does re q u ire  some p r io r  seg­
m entation and rec o g n itio n  of th e  l in g u i s t i c  component of th e  
speech s ig n a l. Das and Mohn (1971) attem pted to  segment 
au to m atica lly ; however, th e  system was unable to  make a 
v e r i f ic a t io n  d ec is io n  fo r  about 10% of th e  u tte ra n c e s .
Some re se a rc h e rs  have s tu d ied  th e  e f fe c t iv e n e s s  of 
measures th a t  do no t re q u ire  tem poral alignm ent o r segmen­
ta t io n ,  These have included  v ario u s  measures of the long­
tim e average sp e c tra  of p re sc rib e d  words and sen tences and 
o f extemporaneous speech (B rick e r e t  a l . ,  1971; Li and 
Hughes, 1972; K o sie l, 1973; Z alew ski, Majewski, and H o llien , 
1975; F u ru i, I ta k u ra , and S a ito , 1975; and Doherty, 1976), 
H o llien  and Majewski (1977) c a r r ie d  ou t two experim ents in  
which long-term  sp e c tra  were e x tra c te d  from c o n tro lle d  
speech sam ples. Three speaker co n d itio n s  (normal speech, 
s tre s se d  speech, and d isg u ised  speech) were in v e s tig a te d . 
R esu lts  dem onstrate high le v e ls  o f  c o r re c t speaker id e n t i ­
f ic a t io n  fo r  normal speech, s l i g h t ly  reduced sco res fo r  speech 
under s t r e s s ,  and markedly reduced c o r re c t  id e n t i f ic a t io n s  
fo r  d isg u ised  speech. I t  may be th a t  measures which do no t 
re q u ire  tem poral alignm ent w i l l  work on ly  fo r  normal speech 
but re q u ire  too  much speech to  be p r a c t ic a l .
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R ecently  developed speech a n a ly s is  and sy n th e s is  
tech n iq u es, such as l in e a r  p re d ic tio n  (A tal and Hanauer,
1971; A ta l, 1975; Makhoul, 1975; S t e i g l i t z ,  1977; and A tal 
and Schroeder, 1978), allow  convenien t autom atic e x tra c tio n  
o f a la rg e  number o f a c o u s tic  param eters. This p a r t ic u la r  
re p re se n ta tio n  o f th e  speech waveform appears to  be q u ite  
prom ising fo r fu r th e r  ev a lu a tio n  o f sp e a k e r-c h a ra c te r iz in g  
f e a tu re s .
Data R edu c tio n  and F e a tu re  E v a lu a t io n
SRM experim ents have used d im en sio n a lity  red u c tio n  
techn iques fo r  two reasons accord ing  to  B ricker and Pruzansky 
(1976). The f i r s t  i s  sim ply to  make th e  re co g n itio n  system 
com puta tionally  more e f f i c i e n t  by reducing  th e  number of 
measures rep re se n tin g  a s in g le  speech sample. The second, 
and more in t r i n s i c a l l y  in te r e s t in g  reaso n , i s  to  id e n t i fy  a 
s e t  o f a c o u s tic  a t t r i b u te s  th a t  c a rry  s u f f ic ie n t  speaker 
in fo rm ation  to  allow  re c o g n itio n  o f a speaker. An e x c e lle n t 
review  o f th e  s t a t i s t i c a l  methods used in  autom atic re co g n itio n  
of speech and speakers i s  p resen ted  by Je lin e k  (1976),
The o r ig in a l  s e t  o f a c o u s tic  param eters from a 
p a r t ic u la r  u tte ra n c e  can be thought o f  as a s e t  o f co o rd in a tes  
in  m ultid im ensional space. Mohn (1971) d is tin g u ish e d  two 
ways of reducing  th e  d im en sio n a lity  o f t h i s  spaces su b se ttin g  
and tran sfo rm a tio n . S u b se ttin g  invo lves s e le c tin g  a sm aller
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number o f measures from th e  o r ig in a l  s e t  w ithou t changing 
them* T ransform ation invo lves s e le c t in g  a new s e t o f coor­
d in a te s  in  th e  space such th a t  th e  new co o rd in a tes  a re  a 
l in e a r  com bination o f th e  o r ig in a l  ones.
S everal d i f f e r e n t  su b se ttin g  procedures have been 
used in  SRM experim ents: a n a ly s is  o f v a rian ce  (Das and
Mohn, 1971; Pruzansky and Mathews, 1964; Wolf, 1972), 
p ro b a b il i ty  of e r ro r  c r i t e r io n  (Rosenberg and Sambur, 1975; 
Sambur, 1975), and dynamic programming (Chang, 1973; Cheung 
and E ise n s te in , 1978). Most p rocedures allow  a ranking  of 
th e  o r ig in a l  s e t  o f measures accord ing  to  th e i r  a b i l i t y  to  
d isc rim in a te  sp eak ers . Wolf (1972), u sing  a n a ly s is  of 
v a ria n ce , found th a t  some u s e fu l  param eters were v ario u s 
m easures o f fundam ental frequency, g l o t t a l  source spectrum 
shape, and fe a tu re s  o f vowel and n a s a l consonant sp e c tra .
His speech samples were a l l  c o l le c te d  on a s in g le  day.
Sambur (1975), u sing  th e  p r o b a b i l i ty -o f - e r ro r  c r i t e r io n  he 
developed, was ab le  to  e v a lu a te  param eters, ta k in g  in to  
c o n s id e ra tio n  in te r s e s s io n  v a r i a b i l i t y .  Speech samples were 
c o lle c te d  over a 3%-year p e rio d . His r e s u l t s  showed th a t  
average fundam ental frequency of a speaker rem ains r e l a t iv e ly  
s ta b le  in  a p a r t ic u la r  reco rd in g  se s s io n , but s h i f t s  s ig n i ­
f ic a n t ly  from one se ss io n  to  an o th e r. Some fe a tu re s  th a t  
had high  in te rs e s s io n  s t a b i l i t y  and low in tra sp e a k e r  v a r ia ­
b i l i t y  were c e r ta in  param eters measured during  n a s a ls ,  and 
th e  second, th i r d ,  and fo u rth  form ants o f se le c te d  vowels.
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Cheung and E ise n s te in  (1978) ap p lied  dynamic programming to  
th e  s e le c tio n  o f fe a tu re  su b se ts  in  tex t-in d ep en d en t speaker 
id e n t i f ic a t io n .  The r e s u l t in g  su b se t o f fe a tu re s  showed a 
lower average id e n t i f ic a t io n  e r ro r  in  comparison to  th a t  of 
th e  s tr a te g y  employed by Sambur.
However, when d ea lin g  w ith  a la rg e  number o f speakers, 
say a thousand o r more, th e  methods d escrib ed  e a r l i e r  need 
some m o d if ic a tio n . One method i s  to  subdiv ide th e  speaker 
s e t  in to  a number o f sm all groups in  a m eaningful way. The 
problem o f grouping th e  speakers i s  commonly lab e led  as 
" c lu s te r in g ."  and th e re  a re  a number of a lgo rithm s fo r 
accom plishing i t  (Kashyap. 1976; Rabiner and Wilpon. 1979).
D iscrim inant a n a ly s is ,  a tran sfo rm a tio n  method, a lso  
has been used in  SRM experim ents as a d im en sio n a lity  reduc­
t io n  technique (B ricker e t  a l . .  1971; Mohn. I9 7 i; Smith*
1962). I t  has been shown to  produce e f f i c i e n t  d im en sio n a lity  
red u c tio n ; however, l i t t l e  a ttem pt has been made to  in te rp r e t  
th e  d isc rim in an t co o rd in a tes  (B rick er and Pruzansky. 1976).
In one study , th e  f i r s t  co o rd in a te  e f f e c t iv e ly  sep ara ted  
male and female speakers, but fu r th e r  c o o rd in a te s , a lthough  
u s e fu l s t a t i s t i c a l l y ,  could no t be in te rp re te d  in  term s of 
m eaningful c h a r a c te r i s t ic s  o f speakers (B rick e r e t  a l . .  1971).
D ecision Rules 
D ecision techn iques a re  a l l  based on th e  com putation
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o f  a d i s t a n c e  which q u a n t i f i e s  th e  d e g re e  o f  d i s s i m i l a r i t y  
between th e  f e a t u r e  v e c t o r s  a s s o c i a t e d  w i th  p a i r s  o f  u t t e r ­
a n c e s ,  For i d e n t i f i c a t i o n  t a s k s ,  t h e  d i s t a n c e  i s  computed 
between th e  t e s t  sample and each  o f  t h e  r e f e r e n c e  p a t t e r n s .
The s p e a k e r  a s s o c i a t e d  w i th  t h e  s m a l l e s t  d i s t a n c e  i s  chosen
a s  th e  sp e a k e r  o f  th e  t e s t  u t t e r a n c e .  The most common d i s -
2 Icta n c e  m e t r i c  i s  th e  E u c l id ia n  d i s t a n c e  d =» (€ ( x - y )  ;  i 
v a r io u s  o t h e r  d i s t a n c e  m e t r i c s  have been  i n v e s t i g a t e d  
( B r ic k e r  e t  a l . ,  1971; A ta l ,  1972, 1976; F u ru i  e t  a l . ,  1972; 
I t a k u r a ,  1975; Gupta, Bryan, and Gowdy, 1978).
For sp e ak e r  v e r i f i c a t i o n ,  o n ly  th e  d i s t a n c e  betw een 
th e  t e s t  sample and th e  r e f e r e n c e  p a t t e r n  o f  th e  c la im ed  
sp e a k e r  need be computed. I f  t h e  d i s t a n c e  i s  l e s s  th a n  some 
th r e s h o ld  v a lu e ,  th e  sp e a k e r  i s  a c c e p te d ;  o th e r w is e ,  he i s  
r e j e c t e d .  The s e l e c t i o n  o f  th r e s h o ld  i s  p a r t  o f  th e  d e s ig n  
o f  th e  v e r i f i c a t i o n  scheme, and in  an e x p e r im e n ta l  sys tem , 
a c t u a l l y  i s  de te rm in ed  a f t e r  d i s t a n c e s  a r e  computed. T here  
a r e  two k in d s  o f  e r r o r  p o s s i b l e  in  v e r i f i c a t i o n i  a custom er 
can be f a l s e l y  r e j e c t e d ,  o r  an im p o s to r  can  be f a l s e l y  
a c c e p te d .  The e q u a l  e r r o r  t h r e s h o ld ,  t h e  most commonly u sed  
t h r e s h o ld  d e te r m in a t io n ,  i s  t h e  d i s t a n c e  a t  w hich  th e  two 
ty p e s  o f  e r r o r s  a r e  e q u a l .  A d d i t io n a l ly ,  however, th e  
m a c h in e 's  d e c i s i o n  can be made w i th  an e r r o r  "mix" ( i . e . ,  m is se s  
v e r s u s  f a l s e  a la rm s )  t h a t  i s  t a i l o r e d  to  th e  g r a v i t y  o f  th e  
r e q u e s te d  t r a n s a c t i o n .
An im p o r ta n t  e x te n s io n  o f  d e c i s i o n  te c h n iq u e s  i s  th e
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u se  o f  s e q u e n t i a l  s t r a t e g i e s .  In  a s e q u e n t i a l  s t r a t e g y ,  
each  i d e n t i f i c a t i o n  o r  v e r i f i c a t i o n  t r i a l  i s  t ra n s fo rm e d  in to  
a s e r i e s  o f  t r i a l s .  At each  t r i a l  t h e r e  i s  an o p t io n  t o  d e f e r  
d e c i s i o n  t o  t h e  n e x t  t r i a l  i f  th e  d i s t a n c e  a s s o c i a t e d  w i th  
th e  t r i a l  i s  to o  c lo s e  to  t h e  p re d e te rm in e d  d e c i s i o n  t h r e s ­
h o ld .  The p ro ce d u re  t e r m in a te s  on th e  t r i a l  i n  which a 
d e c i s i o n  i s  made. In  p r a c t i c e ,  a l i m i t  i s  p la c e d  on th e  
number o f  t r i a l s ,  w i th  a s p e c i a l  d e c i s i o n  c a te g o r y  i f  th e  
l i m i t  i s  exceed ed . A s e q u e n t i a l  p ro ce d u re  i s  u sed  i f  t r i a l -  
t o - t r i a l  m easurem ents a r e  n o t  s t r o n g l y  c o r r e l a t e d .  S e q u e n t i a l  
s t r a t e g i e s  a r e  e s p e c i a l l y  u s e f u l  in  o n - l i n e  sp e a k e r  v e r i f i c a ­
t i o n  im p le m e n ta t io n s  (D oddington , 1974).
Lummis (1973) computed f i v e  d i f f e r e n t  d i s t a n c e  
m easu res  f o r  each  o f  f i v e  d i f f e r e n t  f e a t u r e s  ( p i t c h ,  g a in ,  
and t h r e e  fo rm an t f r e q u e n c ie s ,  a l l  a s  f u n c t io n s  o f  t im e )  and 
f o r  a l l  p o s s i b l e  co m b in a t io n s  o f  f e a t u r e s .  In  t h i s  m anner, 
he was a b le  to  e v a lu a t e  th e  e f f e c t i v e n e s s  o f  h i s  f e a t u r e s  
f o r  s p e a k e r  v e r i f i c a t i o n .  He o b ta in e d  v e ry  low e r r o r  r a t e s  
when u s in g  o n ly  p i t c h  and g a in  c o n to u r s  o f  a s e n te n c e .  
I n c lu d in g  fo rm an t in fo rm a t io n  d id  n o t  improve h i s  r e s u l t s  
e x c e p t  when th e  im p o s to r  s e t  in c lu d e d  p r o f e s s i o n a l  m im ics.
I t  ap p ea re d  t h a t ,  o v e r a l l ,  fo rm an ts  were more d i f f i c u l t  to  
mimic th a n  p i t c h  and g a in .  T h is  may be e x p la in e d  by n o t in g  
t h a t  fo rm an t v a lu e s  a r e  c o n s t r a i n e d ,  t o  a  much g r e a t e r  d eg ree  
th a n  a r e  g a in  and p i t c h ,  by th e  words b e in g  p ronounced . 
However, f a l s e  a c c e p ta n c e  r a t e s  showed t h a t  g a in  and p i t c h
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fu n c tio n s  of some speakers were more d i f f i c u l t  to  im ita te  
than  th e i r  form ants (Lummis and Rosenberg, 1971). In an 
ex ten sio n  of th i s  study , Rosenberg and Sambur (1975) ta i lo r e d  
th e i r  d ec is io n  ru le s  (cho ice  o f d is ta n c e  measures and s e t  of 
f e a tu re s )  to  each custom er in  th e i r  experim ental system .
They were ab le  to  reduce th e  f a l s e  acceptance r a te  fo r  p ro­
fe s s io n a l  mimics from over 20% to  an accep tab le  4%.
Comparison W ith Speaker R ecognition by Man
R esearchers conducting  human speaker re c o g n itio n  
s tu d ie s  can only  in f e r  from th e  l i s t e n e r 's  responses th e  
n a tu re  of th e  human p e rce p tu a l and d ec is io n  p ro cesse s , w h ile  
in  machine re c o g n itio n  experim ents th e  fe a tu re s  o f th e  speech 
s ig n a l and th e  d ec is io n  ru le  a re  sp e c if ie d  p re c is e ly .  An 
example o f th i s  s p e c if ic a t io n  i s  an autom atic speech recog ­
n i t io n  approach d escrib ed  by Zwicker, T erh ard t, and Pau lus 
(1979). This system prov ides e f f e c t iv e  p rep ro cessin g  of 
speech by implementing th e  b a s ic  fu n c tio n a l laws which con­
t r o l  th e  e s s e n t ia l  a u d ito ry  se n sa tio n s  of loudness, p itc h , 
roughness, tim bre , and su b je c tiv e  d u ra tio n . By comparing 
r e s u l t s  achieved by machines and human beings, one may gain 
some in s ig h t in to  th e  le s s  understood l i s t e n e r  p ro ce ss . This 
comparison focuses on one q u es tio n : How a ccu ra te  a re  th e
autom atic methods compared to  th e  human l i s te n e r s  in  q u ie t 
and n o isy  environm ents?
Clarke and Becker (1969) ob ta ined  machine rec o g n itio n
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sco res which could be compared w ith  th e  achievement of th e i r  
l i s te n e r s  on an a u ra l  fo u r-ch o ice  id e n t i f ic a t io n  t e s t  and 
an a u ra l d isc rim in a tio n  t e s t .  The average l i s t e n e r  sco res 
on th e se  two t e s t s  were 63-67% and 90%, re s p e c tiv e ly . For 
th e  d isc rim in a tio n  t e s t ,  th e  score was th e  op tim al p o in t on 
th e  median ROC curve. Machine r e s u l t s  in d ic a te  th a t  th e  
long-term  spectrum was su p e rio r  (63%) to  any o th e r  param eter 
o r s e t  of param eters. The machine sco res  were based on the  
id e n t ic a l  speech samples th a t  were heard in  th e  a u ra l t e s t s .
In th e  comparison invo lv ing  th e  id e n t i f ic a t io n  ta sk , 
i t  i s  no ted  th a t  only  th e  machine sco re  ob ta ined  fo r  th e  
e n t i r e  long-term  spectrum c lo s e ly  resem bles th e  l i s te n e r  
score I th e  o th e r  machine sco res  a re  co n s id erab ly  lower. A lso, 
in  th e  comparison invo lv ing  th e  d isc r im in a tio n  ta s k , only 
th e  machine score  ob ta ined  fo r  th e  long-term  spectrum (83%) 
approaches th e  l i s t e n e r  sco re . I t  appears from th ese  com­
p a riso n s  th e  human l i s t e n e r s  a re  g e n e ra lly  ab le  to  e x tra c t  
more speaker-dependent in fo rm atio n  from th e  speech s ig n a l 
than i s  con ta ined  in  r e l a t i v e l y  sim ple p h y s ica l m easures, 
in c lu d in g  fundam ental frequency . Some p h y sica l m easures, 
however, appear to  co n ta in  much in fo rm ation  th a t  i s  re le v a n t 
to  speaker re c o g n itio n . For example, A ta l (1974) achieved 
98% c o r re c t  id e n t i f ic a t io n  fo r  .5  s of speech based only  on 
s p e c tra l  envelope m easures. T his study  employed ten  speakers 
w ith  u tte ra n c e s  c o lle c te d  over a month.
As po in ted  out by C larke and Becker (1969) and
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Haggard and Summerfield (1979), human l i s te n e r s  do no t 
n e c e s s a r i ly  use th e  same param eters th a t  have been found 
advantageous fo r  machine re c o g n itio n . Hecker (1971) suggests 
th a t  t h i s  may be due to  se v e ra l f a c to r s :  (1) a given l i s t e n e r
may modify h is  s tr a te g y  as a t e s t  proceeds, e s p e c ia l ly  i f  he 
i s  given some in d ic a t io n  o f h is  immediate perform ance; (2) 
au d ito ry  memory from t e s t  item  to  t e s t  item  may d i f f e r ;  and
(3) p r io r  experience  in d i f f e r e n t ia t in g  among speakers w ith  
p e rc e p tu a lly  s im ila r  vo ices may fav o rab ly  in flu en ce  l i s t e n e r  
sc o re s . This may be v is u a l  and a u d ito ry  in fo rm ation .
Rosenberg (1973) compared th e  speaker v e r i f ic a t io n  
performance of l i s t e n e r s  w ith  machine v e r i f ic a t io n  r e s u l t s  
based on th e  same speech m a te r ia l .  The l i s t e n e r s  were asked 
to  respond to  w hether a p a ir  of t e s t  and re fe re n ce  u tte ra n c e s  
were spoken by th e  same o r d i f f e r e n t  speakers. The speech 
u tte ra n c e  was a 2 -s  long a l l-v o ic e d  sentence “We were away 
a y ea r ago ." Rosenberg found th a t  th e  f a ls e  acceptance e r ro r  
r a t e  fo r  machines was s ig n i f ic a n t ly  lower than th e  average 
perform ance of l i s te n e r s  fo r  both  c a su a l and mimic im postors. 
However, th e  perform ance of th e  b e s t l i s te n e r s  compared 
fav o rab ly  w ith , o r even exceeded, th e  performance o f the  
autom atic system . B ricker and Pruzansky (1976) no te  th a t  no 
com parisons of in d iv id u a l t e s t  item s were rep o rted  by 
Rosenberg, so one does not know i f  l i s t e n e r  and machine e r ro rs  
Were made on th e  same sam ples. This in fo rm ation  might con­
t r ib u te  to  our knowledge about th e  p e rce p tu a l d a ta  used by 
l i s t e n e r s .
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LummLs (1973) a lso  re p o r ts  in te r e s t in g  fin d in g s  
comparing man and machine rec o g n itio n  scores fo r  id e n t ic a l  
tw in im postors. The same twin u tte ra n c e s  were alm ost always 
accepted by l i s te n e r s ;  whereas the  machine a n a ly s is , using  
on ly  p itc h  and gain  as a fu n c tio n  of tim e, c o r r e c t ly  r e je c te d  
a l l  o f th e  u tte ra n c e s . I t  seems th a t  o rgan ic  cues were more 
s a l ie n t  to  th e  l i s te n e r s  than  the  tim ing and in te n s i ty  cues, 
which d if fe re d  s u b s ta n t ia l ly  between th e  id e n t ic a l  tw ins as 
evidenced by the  machine r e s u l t s .
These ev a lu a tio n s  were c a rr ie d  out in  sound booths 
w ith  h igh  q u a l i ty  re c o rd in g s . E ven tua lly , however, one must 
co n sid er whether th ese  co n d itio n s  re p re se n t a  f a i r  app rox i­
m ation to  co n d itio n s  th a t  a re  expected in  a p r a c t ic a l  a p p l i ­
c a tio n . One speaker re c o g n itio n  system has been stud ied  in  
a n o isy  environment (Doddington and Hydrick, 1975). Another 
experim ent has examined th e  e f f e c ts  o f n o ise  on speaker 
re c o g n itio n  sco res fo r  human l i s te n e r s  (C larke, Becker, and 
Nixon, 1966). Both man and machine re co g n itio n  performance 
was se r io u s ly  a f fe c te d  by th e  background n o ise .
This concludes th e  em p irica l survey of the  problems 
and p rog ress of speaker reco g n itio n  by man and machine. The 
rem ainder of th i s  paper re p o r ts  th e  re se a rch  conducted to  
examine the  e f f e c t s  of speaking e f f o r t  and n o ise  upon speaker 
re c o g n itio n  performance fo r  human l i s t e n e r s .
CHAPTER IV 
EXPERIMENTAL METHODS
This ch ap te r re p o r ts  th e  experim en ta l data  c o l le c tio n  
methods. I t  c o n s is ts  of a d e s c r ip tio n  of su b je c ts , speech 
m a te r ia l , re co rd in g s , t e s t  ta p e s , and l is te n in g  procedures.
Sub jec ts
W illiam s (1971) concludes an ensemble of f iv e  o r s ix  
speakers to  be optim al fo r  te s t in g  speaker re c o g n itio n . 
A ccordingly , s ix  m ales, ranging  in  age from 30 to  55 y ea rs , 
were s e le c te d  fo r speaking th e  speech m a te r ia l in  t h i s  study . 
H enceforth , th e se  su b je c ts  a re  r e fe r re d  to  as ta lk e r s .  The 
c r i t e r i a  fo r  ta lk e r  s e le c tio n  were: (1) none were to  have
e i th e r  a pronounced re g io n a l d ia le c t  o r speech ab n o rm a litie s , 
(2) a l l  were to  reco rd  the  speech m a te r ia l  p lac in g  emphasis 
on id e n t ic a l  words, and (3) a l l  were to  r e g i s t e r  eq u iv a len t 
d u ra tio n  fo r  th e  speech u tte ra n c e . These c r i t e r i a  were chosen 
to  minimize some of th e  prosodic cues re sp o n s ib le  fo r  simple 
ta lk e r  d isc r im in a tio n . Three independent e v a lu a tio n s ,
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perform ed by th e  r e s e a r c h e r  and two l a b o r a t o r y  p e r s o n n e l ,  
s e l e c t e d  t h e  s i x  t a l k e r s  from a p o o l  o f  tw e lv e  a c c o rd in g  to  
t h e  above c r i t e r i a .
E leven  p a id  v o l u n t e e r s ,  f o u r  m ales  and seven  fem a le s ,  
ra n g in g  in  age from 19 to  30 y e a r s ,  w ere  r e c r u i t e d  t o  be th e  
l i s t e n e r s .  I t  h a s  been su g g e s te d  one may r e g a r d  r e s u l t s  
based  on g roups o f  such a s i z e  a s  t y p i c a l  (W il l ia m s ,  1964). 
The c r i t e r i a  f o r  s e l e c t i o n  o f  t h e  e le v e n  l i s t e n e r s  were t h a t  
th e y  have h e a r in g  w i t h in  norm al l i m i t s  ( i . e . ,  p u r e - to n e  a i r -  
c o n d u c t io n  t h r e s h o ld s  in  b o th  e a r s  no g r e a t e r  th a n  10 d5 
h e a r in g  l e v e l  (ANSI, 1969) a t  o c ta v e  f r e q u e n c ie s  250 th ro u g h  
8000 Hz a s  i n d i c a t e d  by a c a l i b r a t e d  d i a g n o s t i c  a u d io m e te r ,  
G r a s o n - S ta d le r  model 1701) and t h a t  th e y  be u n f a m i l i a r  w i th  
t h e  t a l k e r s '  v o i c e s .
Speech M a t e r i a l
The speech  m a t e r i a l  c o n s i s t e d  o f  one s e n te n c e :
"My name i s  M i l l e r j  c a s h  t h i s  bond, p l e a s e . "  T h is  u t t e r a n c e  
was chosen  f o r  two r e a s o n s :  (1 )  i t  h a s  been  used  in  p re v io u s
s t u d i e s  b e ca u se  i t  i n c lu d e s  a w ide v a r i e t y  o f  speech  sounds 
o r  phonemes (W olf, 1972; Sarabur, 1975), and (2 )  i t  h a s  fa c e  
v a l i d i t y  f o r  t h e  t a l k e r  d i s c r i m i n a t i o n  t a s k .
R eco rd in g s
Each t a l k e r  p roduced  th e  chosen  s e n te n c e  a t  t h r e e
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d i f f e r e n t  speaking e f f o r t s i  w h isp e r, norm al, and sh o u t. The 
system  employed in  reco rd in g  th e  speech i s  shown sc h em a tica lly  
in  F igure  4 .1 .  The anechoic chamber in  which th e  sen tences 
were reco rded  co n ta in ed  a m icrophone, a sound le v e l m eter 
used as  an a m p lif ie r ,  a Daven Volume U n its  (VU) m eter, and a 
loudspeaker. The Daven VU-m eter was used by th e  t a lk e r  during  
speech to  m onitor le v e l ,  w h ile  th e  loudspeaker prov ided  com­
m unication  fo r  th e  re s e a rc h e r  from th e  c o n tro l  room in to  th e  
anechoic chamber. The speech s ig n a l  was passed th rough  an 
a m p lif ie r  to  an Ampex ta p e  re c o rd e r  model 4408 lo c a te d  o u t­
s id e  th e  chamber. The o p e ra tin g  speed was 3 .25 ip s  and th e  
reco rd in g s  were made on Scotch 138 m agnetic ta p e .
P r io r  to  re c o rd in g  th e  speech, th e  read in g  on th e  
Daven VU-m eter was c a l ib r a te d  to  match th e  read in g  on th e  
Ampex VU-meter. A p re c is e  c a l ib r a t io n  was accom plished w ith  
an audio o s c i l l a t o r ,  H ew lett Packard model 201CR, which p ro ­
v ided  th e  s tead y  sound re q u ire d  fo r  v is u a l  co n firm a tio n  of 
th e  c o r r e c t  ad justm ent o f th e  m eters ( i . e . ,  th e  same read in g  
on bo th  m e te rs ) . T his c a l ib r a t io n  procedure allow ed th e  
re s e a rc h e r  to  m onitor th e  le v e l  a t  which each ta lk e r  spoke 
th e  sen ten ce .
N ext, th e  s e t t in g s  on th e  H ew lett Packard 350D a t te n ­
u a to r ,  which would determ ine th e  amount o f e f f o r t  a t  which 
a l l  t a lk e r s  would speak th e  w h isp e r, norm al, and shout 
se n te n c es , were id e n t i f i e d .  The re s p e c tiv e  a t te n u a to r  
s e t t in g s  were 45, 39, and 21 dBi th e se  correspond to  peak
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speech  l e v e l s  o f  59 , 65, and 83 dB SPL m easured  1 m from 
th e  AR-3 lo u d sp e ak e r  w i th  a B ru ë l  and K ja e r  Type 2209 sound 
l e v e l  m e te r .  These SPL 's a r e  th e  most common q uo ted  f i g u r e s  
f o r  th e  lo u d n ess  o f  th e  t h r e e  sp eak in g  e f f o r t s  and a re  
g e n e r a l l y  m easured a t  a d i s t a n c e  o f  1 m from th e  l i p s  
(Waltzman and L e v i t t ,  1978). O the r  sp e ak in g  e f f o r t s  n o t  u sed  
in  t h i s  s tu d y ,  such a s  r a i s e d  and v e ry  lo u d , c o r re sp o n d  to  
6-dB in c re m e n ts  in  v o ic e  l e v e l  between th e  norm al e f f o r t  
v a lu e  o f  65 dB SPL and th e  sh o u t e f f o r t  v a lu e  o f  83 dB SPL. 
T h is  m easurement p ro c e s s  was a ch iev e d  by p la y in g  a 1000 Hz 
to n e  a t  t h e  peak speech  l e v e l  f o r  each  sp e a k in g  e f f o r t .
Each t a l k e r  produced a l l  o f  h i s  m a t e r i a l  in  a s i n g l e  
s e s s io n  s e a te d  in  th e  a n ech o ic  cham ber. H is head was p la c e d  
in  a head p o s i t i o n e r  w i th  h i s  l i p s  a p p ro x im a te ly  .5  m from 
th e  m icrophone. He was i n s t r u c t e d  to  speak  n a t u r a l l y ,  u s in g  
th e  same speed  f o r  e v e ry  s e n te n c e  and s t r e s s i n g  th e  same 
words o f  th e  s e n te n c e .  These were M i l l e r  and bond. For 
each  sp e ak in g  e f f o r t ,  t h e  t a l k e r  was t o l d  t o  m o n ito r  h i s  
v o ic e  l e v e l  on t h e  Daven VU-meter and to  speak  th e  e n t i r e  
s e n te n c e  a t  th e  l e v e l  n e c e s s a r y  to  peak th e  n e e d le  a t  th e  
z e ro  d e s i g n a t io n .
Upon co m p le t io n  o f  a p r a c t i c e  s e s s io n  f o r  each  
sp eak in g  e f f o r t ,  t h e  r e s e a r c h e r  re c o rd e d  f i v e  speech  samples 
e ach  o f  w h is p e r s ,  norm al e f f o r t s ,  and s h o u t s ,  in  t h a t  o r d e r ,  
f o r  each  t a l k e r .  The p r a c t i c e  and r e c o r d in g  s e s s io n s  fo r  
each  sp eak in g  e f f o r t  l a s t e d  a p p ro x im a te ly  f i f t e e n  m in u te s .
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D uring th o s e  s e s s io n s  th e  a t t e n u a t o r  was a d ju s te d  to  i t s  
p re d e te rm in e d  s e t t i n g  f o r  e ach  sp e a k in g  e f f o r t ,  t h e r e b y  f o r c in g  
th e  t a l k e r  to  u se  th e  a p p r o p r i a t e  amount o f  e f f o r t .  The 
s u c c e s s  o f  each t a l k e r  f o r  sp e ak in g  th e  s e n te n c e  a t  th e  l e v e l  
n e c e s s a r y  to  peak th e  VU-meter n e e d le  a t  t h e  z e ro  dB d e s i g ­
n a t i o n  was m o n ito red  by th e  r e s e a r c h e r .  These c a l i b r a t i o n  
and r e c o r d in g  p ro c e d u re s  e n a b le d  th e  r e s e a r c h e r  t o  produce  
a t a p e  w i th  c o n s ta n t  peak l e v e l  f o r  e v e ry  sp e ak in g  e f f o r t  and 
t a l k e r .
The i n s t r u c t i o n s  t o  t h e  t a l k e r s  were a s  fo l lo w s :
T h is  i s  a sp e a k e r  v e r i f i c a t i o n  e x p e r im e n t .  A v e r i ­
f i c a t i o n  t a s k  c o n s i s t s  o f  d i s t i n g u i s h i n g  a known c o o p e ra ­
t i v e  t a l k e r  from th e  s e t  o f  a l l  o t h e r  t a l k e r s .  In  o r d e r  
to  do t h i s ,  t h e  t a l k e r  i n  q u e s t io n  i d e n t i f i e s  h im s e l f
and g iv e s  a n a t u r a l  v o ic e  u t t e r a n c e .  Then th e  com puter
must d e c id e  t h e  q u e s t io n ,  " I s  t h i s  sp e a k e r  so -a n d -so ? "
Suppose you go t o  th e  bank one m orning t o  f i n d  th e
money w ith d raw a l  s l i p - c h e c k  system  r e p l a c e d  by a v o ic e -  
check  system . The system  com pares your u t t e r a n c e  o f  a 
s e l e c t e d  key p h ra s e  w i th  p re v io u s  r e c o rd e d  sam p les .  
S i m i l a r i t y  o f  your o n - t h e - s p o t  u t t e r a n c e  w i th  t h e  
p re v io u s  r e c o rd e d  sam ples g o v e rn s  y ou r  a c c e p ta n c e  o r  
r e j e c t i o n  to  w ithd raw  money.
In  t h i s  e x p e r im e n t ,  i t  i s  im p o r ta n t  f o r  you to  m ain­
t a i n  c o n s i s t e n c y  between r e c o r d i n g s  o f  t h e  key  p h r a s e .
I su g g e s t  t h a t  you t r y  m e re ly  t o  speak  n a t u r a l l y ,  u s in g  
th e  same speed f o r  e v e ry  s e n te n c e  and s t r e s s i n g  th e  same 
words which I  w i l l  i d e n t i f y .  We w i l l  r e c o rd  y o u r  v o ic e  
a t  t h r e e  d i f f e r e n t  sp e a k in g  e f f o r t s .  They a r e  w h isp e r ,  
no rm al,  and s h o u t .  You w i l l  need t o  r e p e a t  t h e  key 
p h ra s e  s e v e r a l  t im e s  so t h a t  you can  become f a m i l i a r  
w i th  t h e  sp eak in g  e f f o r t  r e q u e s t e d  and th e  u t t e r a n c e .
The key p h ra s e  i s  a s  f o l lo w s :  My name i s  M i l l e r :
c a sh  t h i s  bond, p l e a s e .  Always s t r e s s  th e  same w ords.
These words a r e  M i l l e r  and bond . For each  sp eak in g  e f f o r t ,  
you must w atch  t h i s  VU-meter and speak  th e  e n t i r e  s e n te n c e  
a t  t h e  l e v e l  n e c e s s a r y  t o  peak th e  n e e d le  a t  th e  ze ro  
d e s i g n a t io n .  For exam ple, th e  w h isp e r  sp e ak in g  e f f o r t  
w i l l  be spoken l i k e  t h i s  ( r e s e a r c h e r  p e rfo rm s c o r r e c t l y  
f o r  t h e  t a l k e r ) .  Do you u n d e rs ta n d ?  L e t ' s  b e g in  p r a c t i c e .
74
T est Tapes
One sen tence fo r  each speaking e f f o r t  (w hisper, normal 
and shou t) from each of the  s ix  t a lk e r s '  r e p e r to i r e  of 
u tte ra n c e s  was s e le c te d , according  to  th e  p rev io u s ly  s ta te d  
c r i t e r i a ,  fo r  c o n s tru c tin g  the t e s t  ta p e s . This d ec is io n  
minimized in t r a t a lk e r  v a r i a b i l i t y  of th e  speech m a te r ia l .
The e ig h teen  sen ten ces, th re e  fo r  each ta lk e r ,  were 
then p repared  to  form s ix  t e s t  ta p e s . T his was done by e d itin g  
th e  chosen u tte ra n c e s  from th e  o r ig in a l  speech reco rd in g  tape 
and s p lic in g  them onto se p a ra te  tape  lo o p s. Then th e se  loops 
were used w ith  Ampex tap e  re co rd e rs  PRlO and AG 440B to  
re - re c o rd  th e  speech m a te r ia l onto th e  t e s t  ta p e s . Each t e s t  
tape was composed of 120 p a irs  o f v o ic e s . The t e s t  tap es a re  
d is tin g u ish e d  by th e  speaking e f f o r t s  chosen to  co n s tru c t the  
p a i r s .  These speaking e f f o r t  com parisons were: (1) norm al-
normal (N-N), (2 ) w hisper-w hisper (W-W), (3) shou t-shou t (S -S ),
(4) norm al-shout (N-S), (5) w hisper-norm al (W-N), and (6) 
w hisper-shou t (W-3). There was a 1 -s in te r v a l  w ith in  p a irs  
and a 5 -s  in te r v a l  between p a i r s .  Each sen tence was about 
3 s in  d u ra tio n , measured by a stopw atch.
Of th e  120 p a ir s  co n s tru c ted  fo r  each t e s t  tap e , 
f i f t y  percen t o r  s ix ty  p a ir s  p resen ted  a comparison o f vo ices 
which belonged to  th e  same ta lk e r .  T his meant th e re  were 
ten  p a i r s  fo r  each of th e  s ix  ta lk e r s  in  which each t a l k e r 's  
voice was compared w ith  i t s e l f .  For th e  th re e  t e s t  tap es  
in  which d i f f e r e n t  speaking e f f o r t s  were compared (w hisper-
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shou t, w hisper-norm al, and norm al-shout) f iv e  of the  ten  
p a ir s  exchanged speaking e f f o r t  o rd e r . For example, the 
t e s t  tape th a t  p resen ted  th e  norm al-shout p a ir s  con tained  
f iv e  com parisons in  th e  shout-norm al o rd e r . This procedure 
e f f e c t iv e ly  coun terbalances a p o ss ib le  o rd er e f f e c t .
The re m a in in g  s i x t y  p a i r s  p r e s e n te d  a  com parison  o f  
v o ic e s  w hich  b e lo nged  t o  d i f f e r e n t  t a l k e r s .  T h is  meant 
t h e r e  were t e n  p a i r s  f o r  eac h  o f  t h e  s i x  t a l k e r s  in  w hich 
t h a t  t a l k e r ' s  v o ic e  was compared w i th  one o f  t h e  o t h e r  f i v e  
v o i c e s .  For t h e  t h r e e  t e s t  t a p e s  i n  w hich  d i f f e r e n t  sp eak in g  
e f f o r t s  w ere  compared, f i v e  o f  t h e  t e n  p a i r s  exchanged sp eak in g  
e f f o r t  o r d e r .
P r io r  to  reco rd in g  the  speaking e f f o r t  comparisons 
on th e  t e s t  ta p e s , a 1000 Hz c a l ib r a t io n  tone was recorded 
on each t e s t  tape  fo r  one m inute. The le v e l of th i s  tone 
was reco rded  a t  th e  le v e l th a t  corresponded to  th e  peak 
speech read in g  on th e  Ampex VU-meter. A ll reco rd in g s  were 
made on Ampex 631 m agnetic tap e , and each t e s t  tap e  was 
approxim ately  24 m inutes long.
L is te n in g  P ro c ed u re
E leven  l i s t e n e r s  p a r t i c i p a t e d  in  t h i r t y - o n e  same- 
d i f f e r e n t  d i s c r i m i n a t i o n  t a s k s  f o r  sp e a k e r  r e c o g n i t i o n .  T h is  
t a s k  m in im ized  s h o r t - t e r m  memory f a c t o r s  ( t h e  l i s t e n e r  s im p ly  
compared two u t t e r a n c e s  and d e c id e d  w h e th e r  o r  n o t  th e y  were 
spoken by t h e  same t a l k e r )  and m atched t h e  m achine v e r i f i c a t i o n
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p r o c e s s .  Each t a s k  c o n s i s t e d  o f  120 d i s c r i m i n a t i o n s .  The 
a p r i o r i  p r o b a b i l i t y  o f  t h e  same t a l k e r ' s  v o ic e  o c c u r r in g  
was 0 .5 .  The s u b j e c t s  l i s t e n e d  t o  th e  s i x  sp e ak in g  e f f o r t  
com parisons  p r e s e n te d  in  am bien t o r  b ro ad -b an d  n o i s e  in  t h r e e  
g ro u p s .  There  were fo u r  l i s t e n e r s  in  two o f  th e  g roup s  and 
t h r e e  l i s t e n e r s  i n  t h e  t h i r d  g roup . The ex p erim en t l a s t e d  
f o u r  c o n s e c u t iv e  d ay s  f o r  each  g roup  o f  l i s t e n e r s .
The t e s t  t a p e s  w ere  p roduced  from an Ampex ta p e  
r e c o r d e r  model AG 4405 th ro u g h  a power a m p l i f i e r  and lo u d ­
s p e a k e r .  These t a p e s  w ere  p r e s e n te d  w i th  b ro ad -b a n d , th e rm a l  
n o i s e  p roduced  by a G r a s o n - S ta d le r  n o i s e  g e n e r a to r  model 
E10588A. F ig u re  4 .2  i l l u s t r a t e s  th e  equipm ent used  f o r  p r o ­
du c in g  th e  sp eech  and n o i s e .
The l i s t e n e r s  w ere  s e a te d  e i t h e r  4 .7  o r  3 .3  m from 
th e  lo u d sp e a k e r ,  w hich  was p o s i t i o n e d  on th e  f l o o r .  They 
were i n s t r u c t e d  to  exchange  s e a t s  on e v e ry  t e s t  t a p e  p r e s e n ­
t a t i o n  in  o r d e r  t o  c o u n te r b a la n c e  f o r  sound l e v e l  v a r i a b i l i t y  
due to  th e  u n e q u a l  d i s t a n c e  o f  th e  s e a t s  from th e  lo u d sp e a k e r .  
The l i s t e n e r s  w ere  g iv en  f i f t e e n  m inu te  r e s t  p e r io d s  a f t e r  
e v e ry  t e s t  t a p e  w i t h  a two m inu te  r e s t  a f t e r  e v e ry  f o r t y  p a i r s  
f o r  each  t e s t  t a p e .  T es t  t a p e  c o n d i t i o n s  and n o is e  l e v e l s  
were  p r e s e n te d  in  a random ized  o r d e r  w i th  th e  t h r e e  g roups o f  
l i s t e n e r s  r e c e i v i n g  d i f f e r e n t  o r d e r s .
The l e v e l  o f  th e  c a l i b r a t i o n  to n e  on th e  t e s t  t a p e s  
was re a d  on a B ru ë l  and K ja e r  Type 2209 sound l e v e l  m e te r  
p la c e d  a p p ro x im a te ly  5 m from  th e  lo u d sp e a k e r ,  w i th  th e
AG 440 B A t t e n u a to r  
H e w le t t  Packard  
350D
G ra s o n -S ta d 1er 
E10588A
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^ Mixer ^ o L> I
p
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n o i s e .
Block d iag ram  o f  e x p e r im e n ta l  s e tu p  f o r  m ix in g  sp e ec h  and b ro ad -b a n d
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B ru ë l  and K ja e r  m icrophone Type 4145 f a c in g  th e  lo u d sp e a k e r .
The peak speech  l e v e l  e q u a le d  th e  l e v e l  o f  t h e  1000 Hz c a l i ­
b r a t i o n  to n e .  T h e re fo re  when th e  1000 Hz c a l i b r a t i o n  to n e  
was a d ju s te d  w i th  a H ew le t t  Packard  a t t e n u a t o r  to  a c o m fo r t ­
a b le  l i s t e n i n g  l e v e l  (R ic h a rd s ,  1975), t h i s  a l s o  d e te rm in e d  
th e  peak  speech  l e v e l .  A l l  t e s t  t a p e s  were p r e s e n te d  a t  62 
dB SPL. The l i s t e n e r s  a g re ed  t h i s  was a c o m fo r ta b le  l i s t e n i n g  
l e v e l .
B road-band , w h i te  n o i s e  was chosen  a s  t h e  masking 
n o is e  i n  t h i s  s tu d y .  I t  i s  a s i g n a l  c o n ta in in g  en e rg y  a t  
a l l  f r e q u e n c ie s  in  t h e  sp eech  spec trum  a t  a p p ro x im a te ly  
e q u a l  i n t e n s i t i e s .  F ig u re  4 .3  shows t h a t  th e  a c o u s t i c  s p e c t r a  
f o r  th e  b ro ad -b an d  n o i s e s  in  t h i s  s tu d y  a r e  l im i t e d ,  however, 
by th e  f re q u e n c y  r e s p o n s e  o f  th e  lo u d sp e a k e r .  The o c ta v e  band 
a n a l y s i s  a l s o  shows t h a t  t h e r e  i s  a sm a ll  amount o f  a m p li tu d e  
d i s t o r t i o n  p r e s e n t  i n  th e  b ro ad -b an d  n o i s e .  T h is  d i s t o r t i o n  
may be due to  l i m i t a t i o n s  in  th e  ran g e  o f  th e  lo u d sp e a k e r  o r  to  
am bient n o i s e  c o n t r i b u t i n g  t o  th e  m easurem ent. I t  sh ou ld  have 
a n e g l i g i b l e  i n f lu e n c e  on sp e a k e r  r e c o g n i t i o n .
A l l  s i x  t e s t  t a p e s  w ere p r e s e n te d  a t  t h e  am bient 
n o i s e  l e v e l  o f  59 .1  dB SPL and a t  t h r e e  b road -band  n o is e  
l e v e l s  o f  6 2 .3 ,  6 5 .7 ,  and 6 9 .8  dB SPL. In  a d d i t i o n  t o  th o s e  
n o i s e  l e v e l s ,  t h e  N-N and S-S com parison  t a p e s  were p r e s e n te d  
a t  7 1 .7 ,  7 2 .6 ,  and 74 dB SPL, and th e  W-W com parison  ta p e  was 
p r e s e n te d  o n ly  a t  72 .6  dB SPL. These n o i s e  l e v e l s  were 
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F ig .  4 . 3 ,  O ctave  band a n a l y s i s  and c a l c u l a t e d  o v e r a l l  
l e v e l  f o r  t h e  am bien t o r  b ro ad -b a n d  n o i s e .
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p sy c h o m e tr ic  f u n c t io n  between th e  90% and 50% c o r r e c t  p e r ­
form ance l e v e l s .  For t h i s  s tu d y  90% and 50% c o rre sp o n d  to  
t h e  t r a i n i n g  c r i t e r i o n  and chance  perfo rm ance  l e v e l s ,  
r e s p e c t i v e l y .  The s p e c i f i c  b ro ad -b an d  n o i s e  l e v e l s  were 
i d e n t i f i e d  in  a p i l o t  s tu d y .
N oise  l e v e l s  w ere r e a d  on a B ru ë l  and K ja e r  Type 
2209 sound l e v e l  m e te r  p la c e d  a p p ro x im a te ly  5 ra from th e  
lo u d s p e a k e r ,  w i th  t h e  B ru ë l  and K ja e r  m icrophone Type 4145 
f a c in g  th e  lo u d sp e a k e r .  The l e v e l  o f  t h e  n o i s e  was a d ju s t e d  
w i th  a H ew le tt  P ackard  a t t e n u a t o r  350D. The to n e  and n o i s e  
l e v e l s  w ere m easured b e fo r e  eac h  t e s t  t a p e  p r e s e n t a t i o n .
The SPL’ s s t a t e d  in  t h i s  s tu d y  were c a l c u l a t e d  from 
o c ta v e  band d a t a .  The f re q u e n c y  ra n g e  u sed  was 63 th ro u g h  
8000 Hz. T h is  ra n g e  in c lu d e s  t h e  f r e q u e n c ie s  a s s o c i a t e d  
w i th  t h e  fu n d am en ta ls  o f  v o ic e d  sounds and th e  h ig h  con ­
so n a n t  a r e a  o f  s i b i l a n t s .  The S P L 's  w ere c a l c u l a t e d  b e cau se  
t h e  b ro ad -b an d  sound l e v e l  m e te r  m easurem ents w ere f e l t  t o  
be confounded by v e ry  low fre q u e n c y  n o i s e .
On th e  f i r s t  day o f  th e  ex p er im e n t  th e  l i s t e n e r s  
w ere r e p e a t e d l y  p r e s e n te d  a f a m i l i a r i z a t i o n  ta p e  o f  th e  
norm al sp eak in g  e f f o r t  f o r  each  t a l k e r ,  u s in g  th e  t e s t  t a p e  
u t t e r a n c e .  The i n t e n t  was t o  t r a i n  th e  l i s t e n e r s  t o  d i s ­
c r i m in a t e  t h e  v o ic e s  and th e r e b y  m in im ize  i n d i v i d u a l  d i f ­
f e r e n c e s  i n  a b i l i t y  t h a t  may e x i s t  f o r  v o ic e  r e c o g n i t i o n .
The l i s t e n e r s  were i n s t r u c t e d  t o  a s s o c i a t e  each  t a l k e r  on 
th e  f a m i l i a r i z a t i o n  ta p e  w i th  a number. S p e c i f i c a l l y ,  t h e
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f i r s t  t a l k e r ' s  sp e ak in g  e f f o r t s  on th e  ta p e  w ere i d e n t i f i e d  
a s  number one , th e  second t a l k e r ' s  sp eak in g  e f f o r t s  on th e  
ta p e  w ere  i d e n t i f i e d  a s  number two, and so on . The l i s t e n e r s  
were th e n  p r e s e n te d  a t e s t  t a p e  and asked  t o  i d e n t i f y  th e  
v o ic e s  by number. D uring  t h i s  t im e  c o r r e c t  i d e n t i f i c a t i o n s  
w ere g iv e n  t o  t h e  l i s t e n e r s  im m e d ia te ly  fo l lo w in g  each  u t t e r ­
a n c e .  Upon c o m p le t io n  o f  t h i s  t h i r t y  m inu te  s e s s io n  o f  v o ic e  
i d e n t i f i c a t i o n  p r a c t i c e ,  t h e  l i s t e n e r s  w ere t e s t e d  f o r  v o ic e  
d i s c r i m i n a t i o n  a c c u ra c y  f o r  th e  norm al sp e ak in g  e f f o r t .  That 
i s ,  t h e y  were p r e s e n te d  w i th  p a i r s  o f  v o ic e s  and asked  to  
compare th e  two v o ic e s  and d e c id e  w h e th e r  o r  n o t  th e y  were 
spoken by th e  same t a l k e r .  T h is  t e s t i n g  c o n t in u e d  u n t i l  
e v e ry  l i s t e n e r  c o r r e c t l y  d i s c r im i n a t e d  90% o f  th e  v o ic e s  f o r  
fo u r  c o n s e c u t iv e  t e s t s  o f  tw e n ty  t r i a l s .  T e s t in g  l a s t e d  
a p p ro x im a te ly  t h i r t y  m in u te s .  Throughout t h i s  t r a i n i n g  p e r io d  
f o r  t h e  norm al sp e a k in g  e f f o r t ,  e ac h  t e s t  p r e s e n te d  a d i f f e r ­
e n t  random ized  o r d e r  o f  v o i c e s .
The w h isp e r  and sh o u t sp e ak in g  e f f o r t  t r a i n i n g  
p e r io d s  p ro ceed ed  in  a s i m i l a r  m anner. T o ta l  t r a i n i n g  tim e 
f o r  a l l  t h r e e  sp e ak in g  e f f o r t s  was a p p ro x im a te ly  two hours  
and f o r t y - f i v e  m in u te s .  The l i s t e n e r s  were n o t  inform ed as  
t o  w hich  w h is p e r ,  s h o u t ,  and norm al sp e ak in g  e f f o r t  be longed  
t o  e a c h  t a l k e r  in  o r d e r  t o  m atch  a machine v e r i f i c a t i o n  
p r o c e s s .  The com puter system  s t o r e s  a c o u s t i c  in fo rm a t io n  
b e lo n g in g  to  a norm al sp e ak in g  e f f o r t  o n ly .  So when th e  
m achine i s  a c c e s s e d  in  a n o i s y  env ironm en t o r  w i th  a
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d i f f e r e n t  sp eak in g  e f f o r t  o r  b o th ,  t h e  m achine and l i s t e n e r s  
in  t h i s  s tu d y  f a c e  a s i m i l a r  prob lem .
The l i s t e n e r s  w ere  r e a d  th e  fo l lo w in g  i n s t r u c t i o n s  
«
p r i o r  to  th e  t r a i n i n g  se s s io n s *
The ex p er im e n t  in  w hich  you a r e  p a r t i c i p a t i n g  i s  
concerned  w i th  th e  d i s c r i m i n a t i o n  o f  t a l k e r s  o r  v o i c e s .
You a re  now go ing  t o  h e a r  s i x  t a l k e r s  r e p e a t i n g  one 
s e n te n c e  u s in g  th e  norm al sp eak in g  e f f o r t .  Each t a l k e r  
i s  to  be a s s o c i a t e d  w i th  a p a r t i c u l a r  number from one to  
s i x .  S p e c i f i c a l l y ,  t h e  f i r s t  t a l k e r ' s  sp eak in g  e f f o r t s  
on th e  t a p e  a r e  i d e n t i f i e d  a s  number one, th e  second 
t a l k e r ' s  sp e ak in g  e f f o r t s  a re  i d e n t i f i e d  a s  number two, 
and so on. Your t a s k  i s  t o  l e a r n  th e  c o r r e c t  t a l k e r -  
number a s s o c i a t i o n s  and , t h e r e a f t e r ,  w r i t e  down a t a l k e r ' s  
number each  t im e  you h e a r  h i s  v o i c e .
In  th e  b e g in n in g  you w i l l  have to  g u e s s .  However, 
fo l lo w in g  each  o f  your r e s p o n s e s  (e a c h  t im e  you w r i t e  
down a num ber) , you w i l l  be t o l d  th e  c o r r e c t  t a l k e r  
number. I f  your r e s p o n s e  was c o r r e c t ,  w r i t e  down th e  
t a l k e r  number a lo n g s id e  th e  number you have j u s t  w r i t t e n ;  
i f  your re s p o n se  was i n c o r r e c t ,  c i r c l e  th e  number you 
have w r i t t e n  and w r i t e  down t h e  c o r r e c t  t a l k e r  number.
Do n o t  co n ce rn  y o u r s e l f  w i th  what t h e  t a l k e r s  a r e  
sa y in g ;  y ou r  t a s k  i s  o n ly  t o  l e a r n  to  i d e n t i f y  th e  
d i f f e r e n t  t a l k e r s .
F o llow ing  t h i s  f a m i l i a r i z a t i o n  s e s s io n  in  w hich  you 
w i l l  a lw ays be in fo rm ed  as  t o  t h e  c o r r e c t  t a l k e r ,  t h e r e  
w i l l  be a  t e s t  s e s s io n  d u r in g  w hich  t im e  you w i l l  n o t  
r e c e iv e  t h i s  in f o r m a t io n .  D uring  t h i s  t e s t  s e s s io n  you 
w i l l  be p r e s e n te d  p a i r s  o f  v o ic e s  and your t a s k  w i l l  be 
to  s im ply  compare t h e  two v o ic e s  and d e c id e  w he th er  o r  
n o t  th e y  a r e  spoken by th e  same t a l k e r .  You w i l l  be 
t e s t e d  f o r  v o ic e  d i s c r i m i n a t i o n  a c c u ra c y  f o r  t h i s  sp eak ing  
e f f o r t  u n t i l  e v e ry  l i s t e n e r  c o r r e c t l y  d i s c r i m i n a t e s  90% 
o f  th e  v o ic e s  f o r  fo u r  c o n s e c u t iv e  t e s t s  o f  tw en ty  t r i a l s .  
Upon c o m p le t io n  o f  t h i s  c r i t e r i o n  you w i l l  be p re p a re d  
to  beg in  th e  a c t u a l  e x p e r im e n t .
Do you have any q u e s t io n s ?
At th e  b e g in n in g  o f  eac h  day o f  t e s t i n g ,  th e  t r a i n i n g  
phase was r e p e a t e d .  The l i s t e n e r s  w ere a g a in  r e q u i r e d  to  
meet th e  c r i t e r i o n  o f  f o u r  c o n s e c u t iv e  t e s t s  o f  tw en ty  t r i a l s  
f o r  each  sp e ak in g  e f f o r t  w i th  90% d i s c r im i n a t io n  a c c u ra c y .
T h is  l a s t e d  abou t an h o u r .
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F ollow ing  t r a i n i n g  t h e  l i s t e n e r s  were re a d  th e s e  
i n s t r u c t i o n s :
T h is  i s  a s p e a k e r  v e r i f i c a t i o n  e x p e r im e n t .  T h is  
v e r i f i c a t i o n  t a s k  c o n s i s t s  o f  d i s t i n g u i s h i n g  p a i r s  o f  
v o i c e s .  Your t a s k  w i l l  be s im p ly  to  compare two v o ic e s  
and d e c id e  w h e th er  o r  n o t  th e y  a r e  spoken by th e  same 
t a l k e r .  You w i l l  a l s o  need  to  i n d i c a t e  your d e g re e  o f  
c o n f id e n c e  in  th e  c o r r e c t n e s s  o f  your r e s p o n s e .  The 
answ er s h e e t s  g iv en  to  you show you r e p o r t  one o f  t h r e e  
a n s w e rs - -v e ry  s u re  r e s p o n s e  i s  c o r r e c t ,  q u i t e  l i k e l y  to  
be c o r r e c t  bu t n o t  c e r t a i n ,  o r  a b e s t  g u ess  bu t n o t  v e ry  
c o n f i d e n t .  T ry  t o  u s e  a l l  t h r e e  c a t e g o r i e s  bu t  o n ly  where 
a p p r o p r i a t e .  To sum up , you make two marks on your answ er 
s h e e t  f o r  e v e ry  p a i r  o f  v o ic e s  p r e s e n t e d .  You answ er 
"y es"  o r  "no" and you i n d i c a t e  th e  d e g re e  o f  c o n f id e n c e  
t h a t  you have in  y o u r  r e s p o n s e  b e in g  c o r r e c t .  We a r e  now 
re a d y  t o  b e g in .
Are t h e r e  any q u e s t io n s ?
The s a m e - d i f f e r e n t  d i s c r i m i n a t i o n  t a s k  was a n a ly ze d  
a c c o rd in g  t o  s i g n a l  d e t e c t i o n  m ethods (C la rk e ,  B ecker, and 
N ixon, 1966; Matsumoto e t  a l . ,  1973; Elman, 1979; Haggard and 
Sum m erfie ld , 1979). For a s a m e - d i f f e r e n t  d i s c r i m i n a t i o n  t a s k ,  
a s i g n a l  d e t e c t i o n  p a ra m e te r  i n d i c a t e s  th e  m agnitude  o f  
d i f f e r e n c e s  between s t i m u l i ;  t h a t  i s ,  t h e  d i s t a n c e  between 
d i s t r i b u t i o n s  o f  p e rc e iv e d  s t im u lu s  d i f f e r e n c e s  when i d e n t i c a l  
s t i m u l i  a r e  p r e s e n te d ,  and t h e  d i s t a n c e  between d i s t r i b u t i o n s  
o f  p e rc e iv e d  s t im u lu s  d i f f e r e n c e s  when d i f f e r e n t  s t i m u l i  a r e  
p r e s e n te d .  The r a t i n g  s c a l e  p ro c e d u re  a llow ed  th e  l i s t e n e r  
s i x  r e s p o n s e  c a t e g o r i e s ,  e ach  c o rre sp o n d in g  to  a d i f f e r e n t  
c r i t e r i o n .  The l i s t e n e r ' s  r e s p o n s e s  were s o r t e d  a c c o rd in g  
to  t h e  c o n f id e n c e  r a t i n g s  th e y  r e c e i v e d ,  and w i t h in  each  
r a t i n g  c a te g o ry  t h e  c o r r e c t  "same" re s p o n s e s  were s e p a r a te d  
from th e  i n c o r r e c t  "same" r e s p o n s e s .  H it  and f a l s e  a la rm  
r a t e s  were th e n  c a l c u l a t e d  f o r  each  r a t i n g  s c a l e  c a te g o r y
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from t h e  raw d a t a .  The re s p o n s e  b i a s  m easure  cho sen  f o r  t h i s  
s tu d y  (M cNlcol, 1972, p. 126) was c a l c u l a t e d  from th e s e  h i t  
and f a l s e  a la rm  r a t e s .  H i t  r a t e s ,  P r o b ( y e s ( s a m e - t a lk e r  p a i r ) ,  
f o r  th e  sp e a k e r  r e c o g n i t i o n  t a s k  a r e  d e f in e d  a s  t h e  p r o p o r t io n  
o f  "yes"  r e s p o n s e s  g iv en  t h a t  t h e  same t a l k e r ' s  v o ic e  h as  been 
p r e s e n t e d .  F a l s e  a la rm  r a t e s ,  P r o b ( y e s | d i f f e r e n t - t a l k e r  p a i r ) ,  
a r e  t h e  p r o p o r t io n  o f  "yes"  r e s p o n s e s  g iv e n  t h a t  a  d i f f e r e n t  
t a l k e r ' s  v o ic e  h a s  been p r e s e n t e d .  In  t h e  r a t i n g  s c a l e  t a s k  
one c a p i t a l i z e s  on th e  f a c t  t h a t  a l i s t e n e r  can  h o ld  s e v e r a l  
c r i t e r i a  o f  d i f f e r e n t  d e g re e s  o f  s t r i c t n e s s  s im u l ta n e o u s ly ,  
t h u s  a l lo w in g  th e  d e te r m in a t io n  o f  s e v e r a l  p a i r s  o f  h i t  and 
f a l s e  a la rm  r a t e s  w i t h in  t h e  one b lo c k  o f  t r i a l s .  For t h i s  
e x p e r im e n t  one b lo c k  o f  t r i a l s  was e q u iv a l e n t  t o  120 d i s c r im ­
i n a t i o n s .  The s i g n a l  d e t e c t i o n  p a ra m e te r ,  P (C ), was used  a s  
th e  m easure  o f  s e n s i t i v i t y  o f  d i s c r i m i n a t i o n .  P(G) i s  t h e  
p r o p o r t io n  o f  c o r r e c t  s a m e - ta lk e r  and d i f f e r e n t - t a l k e r  ju d g ­
m ents f o r  e a c h  l i s t e n e r .
CHAPTER V 
RESULTS AND CONCLUSIONS
T h is  f i n a l  c h a p t e r  p r e s e n t s  t h e  r e s u l t s  o f  s t a t i s t i c a l  
a n a ly s e s  and th e  d i s c u s s i o n  o f  t h e i r  i m p l i c a t i o n s .
R e s u l t s
For t h e  n o rm al-n o rm a l (N-N), s h o u t - s h o u t  ( S - S ) ,  and 
w h isp e r -w h isp e r  (W-W) sp e a k in g  e f f o r t  c o m p a r iso n s ,  t h e  r e s u l t s  
d e m o n s tra te  s i m i l a r  sp e a k e r  r e c o g n i t i o n  s c o re s  f o r  t h e  norm al 
and sh o u t  e f f o r t s  in  n o i s e ,  w i th  q u i t e  d i s s i m i l a r  s c o r e s  f o r  
th e  w h isp e r  e f f o r t .  For t h e  n o rm a l- sh o u t  (N -S ) ,  w h is p e r -  
norm al (W-N), and w h is p e r - s h o u t  (W-S) sp e ak in g  e f f o r t  com­
p a r i s o n s ,  th e  r e s u l t s  r e v e a l e d  poor r e c o g n i t i o n  s c o re s  f o r  
a l l  sp e ak in g  e f f o r t  co m p ariso n s  a t  a l l  n o i s e  l e v e l s .  These 
f i n d in g s  a re  i l l u s t r a t e d  i n  F ig u re  5 .1 .
The p e rc e n ta g e  c o r r e c t  r e c o g n i t i o n  s c o r e s  w ere 
a n a ly z e d  w i th  a  w i t h i n - s u b j e c t s  a n a l y s i s  o f  v a r i a n c e  w i th  
t h r e e  f a c t o r s ;  g roups ( 3 ) ,  sp e ak in g  e f f o r t  co m parisons  ( 6 ) ,  
















SPL 59.1 62.3 65.7 m 71.7 72.6 740
La 41 55 60 65 66 57 69
Lc 63 64 67 70 72 73 74
NOISE LEVEL in dB RE 20  uPa
F ig .  5 . 1 ,  Mean c o r r e c t  t a l k e r  r e c o g n i t i o n  s c o re s  a s  a 
f u n c t i o n  o f  n o i s e  l e v e l  and sp e ak in g  e f f o r t  com parison  
(N = n o rm al,  S * s h o u t ,  and W = w h i s p e r ) .  N oise  l e v e l s  
a r e  r e p o r t e d  in  SPL (sound  p r e s s u r e  l e v e l ) ,  (A -w eighted  
sound l e v e l ) ,  and Lq (C -w eigh ted  sound l e v e l ) .  Speech 
l e v e l  i s  h e ld  c o n s t a n t  a t  62 dB SPL.
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v a r i a n c e  a t t r i b u t a b l e  t o  t h e  s e q u e n t i a l  e f f e c t s  in  th e  s e r i e s  
o f  t e s t  t a p e s  and th e  e n v iro n m e n ta l  c o n d i t i o n s  p r e s e n t  f o r  
e ach  group o f  l i s t e n e r s • The s i x  sp e ak in g  e f f o r t  com parisons  
w ere N-N, S -S , W-W, N-S, W-N, and W-S. The fo u r  n o i s e  l e v e l s  
w ere  th e  am bien t n o i s e  l e v e l  o f  59 .1  dB SPL, and t h r e e  b ro a d ­
band n o i s e  l e v e l s  o f  6 2 .3 ,  6 5 .7 ,  and 6 9 .8  dB SPL. T ab le  1 
summarizes t h e  r e s u l t s  o f  t h i s  mixed m odel, s p l i t - p l o t  d e s ig n .  
Speak ing  e f f o r t  (E ) ,  n o i s e  (N), and t h e i r  i n t e r a c t i o n  (ENJ 
w ere s i g n i f i c a n t .  The assu m ptio n  o f  hom ogeneity  o f  v a r i a n c e  
f o r  t h e  fo u r  s e t s  o f  e r r o r  te rm s  in  t h i s  d e s ig n  was t e s t e d  
w i th  F max t e s t s  and found t e n a b l e .  T e s ts  o f  e q u a l i t y  and 
symmetry o f  th e  v a r i a n c e - c o v a r ia n c e  m a t r ic e s  i n d ic a t e d  
a ssu m p tio n s  were met and so t h e  w i t h i n - s u b j e c t s  F r a t i o s  
were c o n s id e re d  to  be d i s t r i b u t e d  a s  th e  F d i s t r i b u t i o n .  
P e rc e n ta g e  c o r r e c t  s c o r e s  f o r  each  l i s t e n e r  a r e  p r e s e n te d  in  
th e  Appendix.
T e s ts  o f  s im p le  main e f f e c t s  r e v e a le d  s i g n i f i c a n t  
d i f f e r e n c e s  between sp e ak in g  e f f o r t  com parisons  a t  a l l  f o u r  
n o i s e  l e v e l s  (5 9 .1 ,  6 2 .3 ,  6 5 .7 ,  and 6 9 .8  dB SPL), computed 
v a lu e s  o f  F (5 ,4 0 )  = 199 .95 , 174 .90 , 191 .9 0 , and 179 .2 2 , £ < .0 1 ,  
r e s p e c t i v e l y .  In  a d d i t i o n ,  t h e r e  w ere  s i g n i f i c a n t  d i f f e r e n c e s  
between n o i s e  l e v e l s  f o r  t h e  N-N, W-W, N-S, and W-N sp eak in g  
e f f o r t  co m p ariso n s , computed v a lu e s  o f  F (3 ,3 6 )  = 4 .6 5 ,  6 5 .9 8 ,  
7 .8 4 ,  and 12 .43 , £ < .0 1 ,  in  o r d e r .
A p o s t e r i o r i  com parisons  among means were made by 
S c h e f f e ’ s r a t i o  and a re  g iv en  in  T ab le  2 . T h is  r a t i o  i n d i c a t e d
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TABLE 1
ANALYSIS OF VARIANCE SUMMARY
Source s s DF MS F Prob
Between L i s t e n e r s
Groups (G) 10.16 2 5 .0 8 .03 .971
L i s t  w g roups 1421.17 8 177 .64
W ith in  L i s t e n e r s
E f f o r t  (E) 81728.69 5 16345.73 4 1 5 .6 6 * .000
EG 393.24 10 39 .32 1 .56 .155
E X l i s t  w g roups 1009.26 40 25 .23
N o ise  (N) 3187 .24 3 1062.41 24 .73* .000
NG 257.71 6 42 .95 1.69 .166
N X l i s t  w groups 610 .18 24 25 .42
EN 3000.06 15 200 .00 10 .40* .000
ENG 576.39 30 19.21 1.33 .144




RESULTS OF COMPARISONS AMONG MEANS BY SCHEFFE'S RATIO 
Comparison (E a t  N l, N2, N3, o r  N4) F
CË Îîr r  + Ë2nT + Ë3NT) / 3  
( E1N2 + Ê 2 n I  + Ê 5 n 7 ) /3  
( Ë ÏN ? + Ë In ?  + |3 n 5 ) / 3  
(E lN ?  + Ê 5n5 + E3N 4)/3
_ + ê5nT + ê SnT) / 3  
+ ê5n? + ÊSNl)/3  
(15H I + Ê5n3 + ÊÊNJ) / 3  
(Ê5n4 + Ê3n4 4" Ê5n4 ) / 3
(E lN l + E2N1) /2  
( Ê In?  4- Ê%N2)/2 





-  ( 15nT 4- ë 5nT 4- ê SnT) / 3
ê3 n?  -  ( e5n?  4- ê5nI  4* e 6n2 ) / 3
ÊÎN? -  ( Ü B  4- Ê5n?  4- e5n? ) / 3
ê3n5 - (Ë#? 4" Ê5^ 4- e5n7)/3












43 .5 2 * *
14 .57*
*2< .05 , F ' ( 5 . 4 0 ) ( k - 1 )  = 1 2 .2 5 .  
**2< .01 , F * ( 5 ,4 0 ) ( k - 1 )  * 1 7 .5 5 .
Com parison (N a t  E l ,  E2, ES, E4, E5, o r  £6)
E1N1 -  E1N3
(Ê3N? + Ê 3 ^  4- Ê3N4)/3 
E &
ë5n î  -  ê5n5  










NOTE: E1-E6 » N-N, S -S , W-W, N-S, W-N, and W-S
sp e a k in g  e f f o r t  c o m p a r iso n s ,  r e s p e c t i v e l y .  N1-N4 =* 5 9 ,1 ,
6 2 .3 ,  6 5 .7 ,  and 6 9 ,8  dB SPL, r e s p e c t i v e l y .
*£< .05 , F ' ( 3 , 3 6 ) ( k - 1 )  = 8 .6 1 .
**£< .01 , F ' ( 3 , 3 6 ) ( k - 1 )  =* 1 3 .2 0 .
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t h e  N-N, S -S , and W-W means t o  be s i g n i f i c a n t l y  d i f f e r e n t  
from t h e  N-S, W-N, and W-S means a t  a l l  n o i s e  l e v e l s  ( 5 9 .1 ,
6 2 .3 ,  6 5 .7 ,  and 6 9 .8  dB SPL), computed v a lu e s  o f  F ( 5 ,4 0 )  = 
9 8 1 .4 1 ,  7 9 8 .6 5 ,  7 7 5 ,6 9 ,  and 6 1 4 .6 4 ,  £ < .0 1 ,  r e s p e c t i v e l y .  The 
W-W co m p ariso n  mean was s i g n i f i c a n t l y  d i f f e r e n t  from t h e  N-S, 
W-N, and W-S means a t  a l l  n o i s e  l e v e l s  ( 5 9 .1 ,  6 2 .3 ,  6 5 .7 ,  
and 6 9 ,8  dB SPL), computed v a lu e s  o f  F ( 5 ,4 0 )  = 4 2 0 .4 2 ,  2 1 4 .0 7 ,  
2 4 6 .8 7 ,  and 4 3 .5 2 ,  £ < .0 1 ,  i n  o r d e r .  The N-N and S-S e f f o r t  
c o m p ar iso n  means d i d  n o t  r e a c h  s i g n i f i c a n c e  when p a i r e d  w i th  
t h e  W-W e f f o r t  a t  t h e  am b ien t  n o i s e  l e v e l  o f  5 9 .1  dB SPL, 
computed v a lu e  o f  F ( 5 ,4 0 )  = 1 1 .0 0 ,  £ > .0 5 ,  However, f o r  th e  
o t h e r  n o i s e  l e v e l s  ( 6 2 .3 ,  6 5 .7 ,  and 6 9 .8  dB SPL) a s i g n i f i c a n t  
d i f f e r e n c e  be tw een  t h e s e  means was n o t e d ,  com puted v a l u e s  o f  
F ( 5 ,4 0 )  = 7 1 .6 9 ,  4 2 .6 1 ,  and 2 6 2 .1 5 ,  £ ^ .0 1 .  The N-S mean was 
found t o  d i f f e r  s i g n i f i c a n t l y  from t h e  W-N and W-S means a t  
t h e  am b ien t  n o i s e  l e v e l ,  computed v a lu e  o f  F ( 5 ,4 0 )  = 1 4 .5 7 ,  
£ < .0 5 .
The s im p le  main e f f e c t  be tw een  n o i s e  l e v e l s  f o r  an 
e f f o r t  com pariso n  i n d i c a t e d  t h e  W-W e f f o r t  t o  be  t h e  m ost 
a f f e c t e d .  S c h e f f e ' s  r a t i o  d e m o n s t r a te d  s i g n i f i c a n t  d i f f e r ­
e n c e s  be tw een  n o i s e  l e v e l s  5 9 .1  and 6 2 .3 ,  6 5 .7 ,  6 9 .8  dB SPL, 
computed v a lu e  o f  F ( 3 ,3 6 )  * 1 0 5 .3 0 ,  £ < .0 1  ; 6 2 .3  and 6 9 .8  dB 
SPL, computed v a lu e  o f  F ( 3 ,3 6 )  * 8 6 .7 1 ,  £ < .0 1 ;  and 6 5 .7  and 
6 9 .8  dB SPL, computed v a lu e  o f  F ( 3 ,3 6 )  * 7 6 .1 6 ,  £ < .0 1 ,  f o r  
th e  W-W c o m p a r iso n .  O th e r  s i g n i f i c a n t  d i f f e r e n c e s  be tw een  
means w ere  n o te d  f o r  t h e  N-N co m p a r iso n  a t  5 9 .1  and 6 5 .7  dB SPL
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(com puted  v a lu e  o f  F (3 ,3 6 )  = 1 0 ,9 8 ,  £ < .0 5 ) ,  f o r  t h e  N-S 
c o m p ar iso n  a t  5 9 .1  and 6 9 .8  dB SPL (com puted v a lu e  o f  F (3 ,3 6 )  
1 6 .8 ,  £ < .0 1 ) ,  and f o r  t h e  W-N co m p ariso n  a t  6 2 .3  and 6 9 .8  
dB SPL (com puted v a lu e  o f  F (3 ,3 6 )  * 1 1 .5 7 ,  £ < .0 5 ) .
An e s t im a t e  o f  t h e  s t r e n g t h - o f - a s s o c i a t i o n  in  t h i s  
a n a l y s i s  o f  v a r i a n c e  was o b ta in e d  th ro u g h  t h e  u se  o f  th e  
c o r r e l a t i o n  r a t i o .  T h is  m easu re  r e p r e s e n t s  t h e  p r o p o r t io n  o f  
v a r i a n c e  in  t h e  d e p en d e n t  v a r i a b l e  t h a t  may be a c c o u n te d  f o r  
by th e  in d e p e n d e n t  v a r i a b l e .  The c o r r e l a t i o n  r a t i o  i n d i c a t e d  
s p e a k in g  e f f o r t  t o  r e p r e s e n t  87% o f  t h e  v a r i a n c e  in  t h i s  e x p e r  
im e n t .  N o ise  and t h e  e f f o r t - n o i s e  i n t e r a c t i o n  a cc o u n te d  f o r  
3% e a c h .
The r e s u l t s  o f  a  l i n e a r  r e g r e s s i o n  a n a l y s i s  f o r  e a c h  
p sy c h o m e tr ic  f u n c t i o n  a r e  p r e s e n t e d  in  T ab le  3 .  T h is  a n a l y s i s  
was p e rfo rm ed  i n  o r d e r  t o  o b t a i n  s lo p e  e s t i m a t e s  t h a t  c o u ld  
be com pared w i t h  o t h e r  p sy c h o m e tr ic  f u n c t i o n s .  The in d e p e n ­
d e n t  v a r i a b l e  was n o i s e  l e v e l  (SPL), and th e  d epend en t 
v a r i a b l e  was t a l k e r  r e c o g n i t i o n  o r  p e r c e n ta g e  c o r r e c t .  For 
t h e  N-N and S-S p sy c h o m e tr ic  f u n c t i o n ,  t h e  r e g r e s s i o n  l i n e  
was f i t t e d  t o  f o u r  p o i n t s  i n  t h e  r a n g e  o f  50% t o  90%. The 
W-W f u n c t i o n  was f i t t e d  t o  f i v e  p o i n t s  i n  t h e  ra n g e  o f  50% 
t o  90%. The re m a in in g  f u n c t i o n s  w ere  f i t t e d  t o  f o u r  p o i n t s  
i n  t h e  r a n g e  o f  50% and 60%.
The b e s t  t a l k e r  r e c o g n i t i o n  s c o r e s  f o r  e a c h  sp e a k in g  
e f f o r t  co m parison  and n o i s e  l e v e l  a r e  i l l u s t r a t e d  i n  F ig u re  





E f f o r t  Comp.
E s t im a te d  
R egr. C o e f f .
E s tim a ted  
S td ,  D e v ia t io n
S td .  R egr. 
C o e f f .*
Normal-Normal bo 3 603.402 60.809 0
b l 3 -7 .2 6 6 0 .844 -0 .7 9 8
S hou t-S hou t bo 3 721.540 59.514 0
b l a -8 .9 7 9 0.826 —0* 858
W hisper-W hisper bQ 3 245.020 12.847 0
b l 3 -2 .6 0 7 0 .194 —0 .8 7  8
Norma1-Shout bQ 3 112.774 13.999 0
b l 3 -0 .8 7 5 0.217 -0 ,5 2 7
W hisper-Norm al bQ 3 91.479 9 .368 0
b l 3 -0 .5 8 0 0.145 -0 .5 2 3
W hisper- Shout bQ 3 60 .790 9 .073 0
b l 3 -0 .1 3 4 0.141 -0 .1 4 5
o r i g i n .




























NOISE LEVEL in dB RE 20 juFh
F ig .  5 . 2 .  B est i n d i v i d u a l  human p e rfo rm an ces  f o r  c a l k e r  
r e c o g n i t i o n  a s  a f u n c t io n  o f  n o i s e  l e v e l  and sp eak in g  
e f f o r t  com parison  (N = normal» S = s h o u t ,  and W = w h isp e r  
e f f o r t ) .  N oise  l e v e l s  a r e  r e p o r t e d  in  SPL (sound  p r e s s u r e  
l e v e l ) ,  (A -w eigh ted  sound l e v e l ) ,  and Lq (0 -w e ig h te d
sound l e v e l ) .  Speech l e v e l  i s  h e ld  c o n s ta n t  a t  62 dB SPL.
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b e s t  pe rfo rm ance  d a t a .  G e n e ra l ly ,  t h e  b e s t  pe rfo rm ance  
s c o r e s  by human l i s t e n e r s  f o r  sp e a k e r  r e c o g n i t i o n  a r e  more 
a c c u r a t e  th a n  r e c o g n i t i o n  s c o r e s  by machine v e r i f i c a t i o n .
The pe rfo rm ance  d a t a  in  F ig u re  5 .2  i n d i c a t e  t h a t  a m achine 
p ro c e s s  w i l l  have d i f f i c u l t y  v e r i f y i n g  t a l k e r s  who change 
sp e a k in g  e f f o r t .
F ig u re  5 .3  p r e s e n t s  t h e  p e rc e n ta g e  c o r r e c t  t a l k e r  
r e c o g n i t i o n  s c o re s  f o r  e ach  t a l k e r  a s  a f u n c t io n  o f  n o i s e  
l e v e l  and sp e a k in g  e f f o r t  co m p ariso n . T h is  i l l u s t r a t i o n  
d e p i c t s  th e  s i m i l a r  e f f e c t  o f  n o i s e  upon a l l  v o ic e s  f o r  th e  
t h r e e  sp e ak in g  e f f o r t s .  These p a r t i c u l a r  n o i s e  l e v e l s  w ere 
s e l e c t e d  b e cau se  t h e y  ap p ro x im a te  90% and 75% c o r r e c t  r e c o g ­
n i t i o n .  In  a d d i t i o n ,  t h e  p e rc e n ta g e  c o r r e c t  s c o r e s  f o r  each  
t a l k e r  a r e  d e v e lo p ed  from th e  s a m e - ta lk e r  p a i r s  o n ly .  They 
r e f l e c t  t h e  n o i s e  e f f e c t  on r e c o g n i t i o n .
T a lk e r  c o n fu s io n  m a t r ic e s  f o r  t h e  N-S, W-N, and W-S 
sp e ak in g  e f f o r t  co m p ariso n s  a t  two n o i s e  l e v e l s  (5 9 .1  and 
62 .3  d3 SPL) a p p e a r  i n  T a b le s  4 ,  5 , and 6 . These m a t r ic e s  
were c o n s t r u c t e d  from  th e  e le v e n  l i s t e n e r s '  combined d i s ­
c r i m in a t io n  d a t a  i n  o r d e r  t o  exam ine th e  v a r i a b i l i t y  o f  th e  
c o n fu s io n s  among t a l k e r s  and sp e a k in g  e f f o r t  c o m p a r iso n s ,  
and t o  n o te  t h e  em ergence o f  any s p e c i a l  c o n fu s io n  p a t t e r n s .  
The p r o p o r t io n s  in  t h e s e  t a b l e s  show d i f f u s e  c o n fu s io n s  
among t a l k e r s  and sp e a k in g  e f f o r t  c o m p a r iso n s .  The h i g h e s t  
and lo w e s t  p r o p o r t i o n s  o f  t a l k e r  c o n fu s io n s  g e n e r a l l y  v a r i e d  

























SOUND P R E S S U R E  LEVEL in dB  RE 20 ĵFfa
F i g .  5 , 3 ,  P e r c e n t  c o r r e c t  t a l k e r  r e c o g n i t i o n  s c o r e s  f o r  eac h  t a l k e r  





TALKER CONFUSION MATRICES FOR THE NORMAL-SHOUT SPEAKING
EFFORT COMPARISON AT TWO NOISE LEVELS (dB SPL)
P r o p o r t io n  o f  E r r o r s  f o r  E leven  L i s t e n e r s  
a t  5 9 .1  dB SPL and 6 2 .3  dB SPL
T a lk e r T a lk e r
T a lk e r
1 .45 . l à .34 .3i . l à ,11 1 .38 .40 .15 .3i
2 - t l i .22 .34 .40 .36 2 i l l .29 .22 .29 .253 .38 .40 .20 .27 3 j5 0 .27 .22 .40
4 .57 .25 .27 4 .61 .20 .27
5 .60 .15 5 .69 .18
6 .43 6 .54
NOTE: There  a re  s i x  t a l k e r s ,  i d e n t i f i e d  by th e
numbers 1 th ro u g h  6 on t h e  h o r i z o n t a l  and v e r t i c a l  b o rd e rs  
o f  th e  c o n fu s io n  m a t r ix .  T o ta l  number o f  p o s s ib l e  t a l k e r  
c o n fu s io n s  f o r  t h e  m a t r ix  i s  21. The l i s t e n e r ' s  t a s k  was to  
i n d i c a t e  w h e th e r  t h e  two v o ic e s  he h e a rd ,  a s  i d e n t i f i e d  on 
t h e  h o r i z o n t a l  and v e r t i c a l  ax es  o f  each  m a t r ix ,  were th e  
same o r  d i f f e r e n t  t a l k e r s .  Each l i s t e n e r ' s  re s p o n se  s h e e t  
was checked  f o r  i n c o r r e c t  d i s c r i m i n a t i o n s  f o r  each  o f  th e  
21 t a l k e r  c o n fu s io n s .  Then t h e  t o t a l  number o f  e r r o r s  f o r  
t h e  e le v e n  l i s t e n e r s  was computed and c o n v e r te d  to  a p ro ­
p o r t i o n  f o r  eac h  o f  t h e  21 t a l k e r  c o n fu s io n s .
Each ta lk e r -n u m b e r  co m bin a tion  on th e  m a t r ix  
d ia g o n a l  ( e . g . ,  1 -1 , 2 -2 ,  3 -3 ,  4 - 4 ,  5 -5 ,  o r  6 -6 )  i s  composed 
o f  110 s a m e - ta lk e r  p a i r s  ( i . e . ,  one t a l k e r ' s  v o ic e  was h eard  
tw ic e )  o r  110 p o s s ib l e  d i s c r i m i n a t i o n  e r r o r s .  Each t a l k e r  
i n  t h e s e  p a i r s  was h e a rd  i n  t h e  no rm al and sh o u t  sp eak in g  
e f f o r t .  There were 55 s a m e - ta lk e r  p a i r s  p r e s e n te d  in  th e  
n o rm a l- sh o u t  sp e ak in g  e f f o r t  o r d e r  and 55 s a m e - ta lk e r  p a i r s  
p r e s e n te d  in  th e  sh o u t-n o rm a l  sp e a k in g  e f f o r t  o r d e r .  T o ta l  
number o f  p o s s ib l e  d i s c r im i n a t io n  e r r o r s  on th e  m a t r ix  
d ia g o n a l  f o r  e le v e n  l i s t e n e r s  i s  660.
Each ta lk e r -n u m b e r  c o m b in a tio n  o f f  th e  m a t r ix  
d ia g o n a l  ( e . g . ,  1 -3 ,  2 -5 ,  4 -6 ,  e t c . )  i s  composed o f  44 
d i f f e r e n t - t a l k e r  p a i r s  ( i . e . ,  two t a l k e r s '  v o ic e s  were h e a rd )  
o r  44 p o s s ib l e  d i s c r im i n a t io n  e r r o r s .  T here  were 22 d i f f e r ­
e n t - t a l k e r  p a i r s  p r e s e n te d  in  t h e  n o rm a l-sh o u t  speak ing  
e f f o r t  o r d e r  and 22 d i f f e r e n t - t a l k e r  p a i r s  p r e s e n te d  in  th e  
sh o u t-n o rm a l  sp e ak in g  e f f o r t  o r d e r .  T o ta l  number o f  p o s s ib l e  
d i s c r i m i n a t i o n  e r r o r s  o f f  t h e  m a t r ix  d ia g o n a l  f o r  e le v e n  
l i s t e n e r s  i s  660.
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TABLE 5
TALKER CONFUSION MATRICES FOR THE WHISPER-NORMAL SPEAKING
EFFORT COMPARISON AT TWO NOISE LEVELS
P r o p o r t io n  o f  E r r o r s  f o r  E leven  L i s t e n e r s  
a t  5 9 .1  dB SPL and 6 2 .3  dB SPL
T a lk e r T a lk e r
T a lk e r  4
1 2  3 4 5 6 1 2 3 4 5 6
1 .61 .38  .34 .36 .31 .45 1 .57 .50 .34 .47 , 2 l .45
2 .5 0  .20 .22 .40 .34 2 i l l .3 4 .50 .43 .38
3 .67 .27 .54 .52 3 j 6 0 .36 .18 .40
.47 .25 .36 4 jé è . .31 .36
5 .49 .47 5 i l i .36
6 .38 6 .46
NOTE I T here  a r e  s i x  t a l k e r s ,  i d e n t i f i e d  by th e  
numbers 1 th ro u g h  6 on t h e  h o r i z o n t a l  and v e r t i c a l  b o rd e r s  
o f  t h e  c o n fu s io n  m a t r ix .  T o ta l  number o f  p o s s i b l e  t a l k e r  
c o n fu s io n s  f o r  th e  m a t r ix  i s  21. The l i s t e n e r ' s  t a s k  was to  
i n d i c a t e  w h e th er  th e  two v o ic e s  he  h e a rd ,  a s  i d e n t i f i e d  on 
th e  h o r i z o n t a l  and v e r t i c a l  ax es  o f  each  m a t r ix ,  were th e  
same o r  d i f f e r e n t  t a l k e r s .  Each l i s t e n e r ' s  r e s p o n s e  s h e e t  
was checked  f o r  i n c o r r e c t  d i s c r i m i n a t i o n s  f o r  eac h  o f  th e  
21 t a l k e r  c o n fu s io n s .  Then th e  t o t a l  number o f  e r r o r s  f o r  
th e  e le v e n  l i s t e n e r s  was computed and c o n v e r te d  to  a p ro ­
p o r t io n  f o r  e ac h  o f  th e  21 t a l k e r  c o n fu s io n s .
Each ta lk e r -n u m b e r  co m b in a tio n  on th e  m a t r ix  
d i a g o n a l  ( e . g . ,  1 -1 , 2 -2 ,  3 -3 ,  4 - 4 ,  5 -5 ,  o r  6 -6 )  i s  composed 
o f  110 s a m e - ta lk e r  p a i r s  ( i . e . ,  one t a l k e r ' s  v o ic e  was h e a rd  
tw ic e )  o r  110 p o s s ib l e  d i s c r i m i n a t i o n  e r r o r s .  Each t a l k e r  
in  t h e s e  p a i r s  was h e a rd  in  t h e  no rm al and w h isp e r  sp eak in g  
e f f o r t .  There w ere 55 s a m e - ta lk e r  p a i r s  p r e s e n te d  in  th e  
w h isp e r -n o rm a l  sp e ak in g  e f f o r t  o r d e r  and 55 s a m e - ta lk e r  p a i r s  
p r e s e n te d  in  th e  norm a1-w hisper sp e ak in g  e f f o r t  o r d e r .  T o ta l  
number o f  p o s s ib l e  d i s c r im i n a t io n  e r r o r s  on th e  m a t r ix  
d ia g o n a l  f o r  e le v e n  l i s t e n e r s  i s  660.
Each ta lk e r -n u m b e r  com b ina tion  o f f  t h e  m a t r ix  
d ia g o n a l  ( e . g . ,  1 -3 ,  2 -5 ,  4 -6 ,  e t c . )  i s  composed o f  44 
d i f f e r e n t - t a l k e r  p a i r s  ( i . e . ,  two t a l k e r s ’ v o ic e s  were h e a rd )  
o r  44 p o s s ib l e  d i s c r i m i n a t i o n  e r r o r s .  There w ere  22 d i f f e r ­
e n t - t a l k e r  p a i r s  p r e s e n te d  in  t h e  w h isp e r -n o rm a l  sp eak in g  
e f f o r t  o r d e r  and 22 d i f f e r e n t - t a l k e r  p a i r s  p r e s e n te d  in  th e  
norm a1-w hisper sp eak in g  e f f o r t  o r d e r .  T o ta l  number o f  p o s s ib l e  
d i s c r im i n a t io n  e r r o r s  o f f  th e  m a t r ix  d ia g o n a l  f o r  e le v e n  
l i s t e n e r s  i s  660.
98
TABLE 6
TALKER CONFUSION MATRICES FOR THE WHISPER-SHOUT SPEAKING
EFFORT COMPARISON AT IWO NOISE LEVELS
P ro p o r t io n  o f  E r r o r s  f o r  E leven  L i s t e n e r s  
a t  59 .1  dB SPL and 6 2 .3  dB SPL
TaI k e r T a lk e r
T a lk e r  4
1 2 3 4 5 6 1 2 3 4 5 6
1 .66 .43 .38 .31 .47 .34 1 z M . 3ë .34 .3é .47 .34
2 .42 .45 .29 .31 .27 2 .37 .52 .31 .38  .25
3 .70 .5 0 .38 .43 3 .67 .45 .52  .50
.57 .25 .36 4 .47 .29 .40
5 .61 .38 5 .50  .38
6 .59 6 .50
NOTE: There  a r e  s i x  t a l k e r s ,  i d e n t i f i e d  by th e
numbers 1 th ro u g h  6 on t h e  h o r i z o n t a l  and v e r t i c a l  b o rd e r s  
o f  t h e  c o n fu s io n  m a t r ix .  T o ta l  number o f  p o s s i b l e  t a l k e r  
c o n fu s io n s  f o r  t h e  m a t r ix  i s  21 . The l i s t e n e r ' s  t a s k  was to  
i n d i c a t e  w he ther  th e  two v o ic e s  he h e a rd ,  a s  i d e n t i f i e d  on 
th e  h o r i z o n t a l  and v e r t i c a l  ax es  o f  e a c h  m a t r ix ,  w ere  th e  
same o r  d i f f e r e n t  t a l k e r s .  Each l i s t e n e r ' s  r e s p o n s e  s h e e t  
was checked  f o r  i n c o r r e c t  d i s c r i m i n a t i o n s  f o r  e ach  o f  t h e  
21 t a l k e r  c o n fu s io n s .  Then th e  t o t a l  number o f  e r r o r s  f o r  
th e  e le v e n  l i s t e n e r s  was computed and c o n v e r te d  to  a p r o ­
p o r t i o n  f o r  e ac h  o f  t h e  21 t a l k e r  c o n f u s io n s .
Each ta lk e r -n u m b e r  c o m b in a tio n  on th e  m a t r ix  
d ia g o n a l  ( e . g . ,  1 -1 , 2 -2 ,  3 - 3 ,  4 - 4 ,  5 - 5 ,  o r  6 -6 )  i s  composed 
o f  110 s a m e - ta lk e r  p a i r s  ( i . e . ,  one t a l k e r ' s  v o ic e  was h ea rd  
tw ic e )  o r  110 p o s s ib l e  d i s c r i m i n a t i o n  e r r o r s .  Each t a l k e r  
in  t h e s e  p a i r s  was h e a rd  in  t h e  w h isp e r  and sh o u t  sp e ak in g  
e f f o r t .  There w ere 55 s a m e - ta lk e r  p a i r s  p r e s e n te d  in  th e  
w h is p e r - s h o u t  sp eak in g  e f f o r t  o r d e r  and 55 s a m e - ta lk e r  p a i r s  
p r e s e n te d  in  th e  sh o u t -w h is p e r  sp e a k in g  e f f o r t  o r d e r .  T o ta l  
number o f  p o s s ib l e  d i s c r i m i n a t i o n  e r r o r s  on th e  m a t r ix  
d ia g o n a l  f o r  e le v e n  l i s t e n e r s  i s  660,
Each ta lk e r -n u m b e r  co m b in a t io n  o f f  t h e  m a t r ix  
d ia g o n a l  ( e . g . ,  1 -3 , 2 - 5 ,  4 - 6 ,  e t c . )  i s  composed o f  44 
d i f f e r e n t - t a l k e r  p a i r s  ( i . e . ,  two t a l k e r s '  v o ic e s  w ere  h e a rd )  
o r  44 p o s s ib l e  d i s c r i m i n a t i o n  e r r o r s .  There w ere  22 d i f f e r ­
e n t - t a l k e r  p a i r s  p r e s e n te d  i n  t h e  w h is p e r - s h o u t  sp e a k in g  
e f f o r t  o rd e r  and 22 d i f f e r e n t - t a l k e r  p a i r s  p r e s e n te d  i n  th e  
sh o u t-w h isp e r  sp e ak in g  e f f o r t  o r d e r .  T o ta l  number o f  p o s s ib l e  
d i s c r im i n a t io n  e r r o r s  o f f  t h e  m a t r ix  d ia g o n a l  f o r  e le v e n  
l i s t e n e r s  i s  660.
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r e s u l t s  o f  a t  t e s t  f o r  c o r r e l a t e d  m easu res  between n o is e  
l e v e l s  f o r  each  sp eak in g  e f f o r t  com parison  d e m o n s tra te d  t h a t  
th e  tw e n ty -o n e  t a l k e r  c o n fu s io n  s c o r e s  d id  n o t  s i g n i f i c a n t l y  
d i f f e r  between n o i s e  l e v e l s  f o r  e ach  sp e ak in g  e f f o r t  compar­
i s o n .  The o b ta in e d  £  v a lu e s  f o r  t h e  N-S, W-N, and W-S com­
p a r i s o n s  w ere .4790 , .196 5 , and .06 69 , r e s p e c t i v e l y .  These 
v a lu e s  w ere l e s s  th a n  th e  c r i t i c a l  v a lu e  o f  t ( 2 0 )  = 2 .0 8 6 ,
2. = .0 5 .  In  a d d i t i o n ,  th e  tw e n ty -o n e  t a l k e r  c o n fu s io n  s c o r e s  
d id  n o t  s i g n i f i c a n t l y  change among sp e a k in g  e f f o r t  com parisons  
a t  59 .1  and 62 .3  dB SPL, The r e s u l t s  o f  a one-way w i t h in -  
s u b j e c t s  a n a l y s i s  o f  v a r i a n c e  i n d i c a t e d  no s i g n i f i c a n t  
sp e a k in g  e f f o r t  com parison  e f f e c t  f o r  59 .1  dB SPL and 6 2 .3  
dB SPL, computed v a lu e s  o f  F (2 ,4 0 )  = 2 .7 3 4  and 3 .1 5 0 ,  in  o r d e r ,  
o > .0 5 .  The p r im a ry  p a t t e r n  t o  emerge was t h e  e v id e n c e  f o r  
in c r e a s e d  c o n fu s io n s  f o r  s a m e - t a lk e r  r e l a t i v e  t o  d i f f e r e n t -  
t a l k e r  p a i r s  f o r  a l l  t h e  sp e ak in g  e f f o r t  com pariso ns  a t  most 
n o i s e  l e v e l s .  T h is  p a t t e r n  c o n t r a s t s  w i th  t h e  W-W sp eak ing  
e f f o r t  com parison  r e s u l t s .  For t h a t  c o n d i t i o n  e r r o r s  i n ­
c re a s e d  f o r  d i f f e r e n t - t a l k e r  r e l a t i v e  t o  s a m e - ta lk e r  p a i r s  
a t  5 9 .1  dB SPL and 65 .7  dB SPL. T ab le  7 shows t h i s  c o n t r a s t  
and g iv e s  t h e  r e s u l t s  o f  t  t e s t s  f o r  c o r r e l a t e d  means. T h is  
t a b l e  a l s o  shows t h a t  t h e r e  w ere no s i g n i f i c a n t  d i f f e r e n c e s  
betw een th e  number o f  s a m e - ta lk e r  and d i f f e r e n t - t a l k e r  e r r o r s  
f o r  t h e  n o rm al-no rm al and s h o u t - s h o u t  sp e ak in g  e f f o r t  co m p ari­
so n s .  I t  i s  s p e c u la te d  t h a t  t h e r e  w ere  d e c re a s e d  e r r o r s  f o r  
d i f f e r e n t - t a l k e r  r e l a t i v e  to  s a m e - ta lk e r  p a i r s  f o r  th e  N-S,
W-N, and W-S sp eak in g  e f f o r t s  b ecau se  o f  g r e a t e r  d i s s i m i l a r i t y
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TABLE 7
MEAN NUMBER OF SAME-TALKER VERSUS DIFFERENT-TALKER ERRORS
Speaking E f f o r t  
Comparison
N oise  
(dB SPL)
Same
T a lk e r
D i f f e r e n t
T a lk e r —o b t
Normal-Normal 7 1 .7 4 .0 0 6 .5 0 1.03
7 2 .6 11.81 12 .54 1 .02
S hou t-S hou t 71 .7 4 .5 0 6 .9 0 1 .24
7 2 .6 22 .5 4 17 .72 1 .12
W hisper-W hisper 59 .1 3 .72 8 .45 2 .51*
65 .7 7 .09 17.63 3 .41**
Norm al-Shout 59 .1 30 .00 16 .50 2 .75*
6 2 .3 33 .40 16.27 3 .61**
W hisper-Norm al 5 9 .1 31 .20 21 .6 0 3 .17**
6 2 .3 28.09 2 2 .5 0 1 .43
W hisper-S hou t 5 9 .1 35 .1 0 2 2 .6 0 2 .90*
6 2 .3 31 .50 23 .7 0 3 .31**
NOTE: Maximum number o f  p a i r s  ( o r  e r r o r s )  i s  1320
f o r  eac h  SPL and e f f o r t  com parison  (660 s a m e - ta lk e r  and 660 
d i f f e r e n t - t a l k e r ) .
*o < .05 , t ( 1 0 )  = 2 .2 2 8 .
**£< ,01 , t^ lO )  =* 3 .1 6 9 ,
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o f  t h e  com parisons  ( i n  o th e r  w ords , an e a s i e r  d i s c r im i n a t io n  
t a s k ) .  C o n v e rse ly ,  i t  was s i m i l a r i t y  o f  u t t e r a n c e s  t h a t  led  
to  d e c re a s e d  e r r o r s  f o r  s a m e - ta lk e r  r e l a t i v e  to  d i f f e r e n t -  
t a l k e r  p a i r s  f o r  th e  W-W sp eak in g  e f f o r t .  And f i n a l l y ,  
t h e r e  was no s t a t i s t i c a l l y  s i g n i f i c a n t  d i f f e r e n c e  between 
sp e ak in g  e f f o r t  p r e s e n t a t i o n  o r d e r s  w i th in  s a m e - ta lk e r  p a i r s  
f o r  t h e  N-S, W-N, and W-S sp eak in g  e f f o r t  co m parison s .
T ab le  8 g iv e s  th e  t o t a l  number o f  e r r o r s  a s s o c i a t e d  w i th  
each  p r e s e n t a t i o n  o r d e r  and t a l k e r  a t  two n o i s e  l e v e l s .
None o f  th e  t  t e s t s  f o r  c o r r e l a t e d  means, p r e s e n te d  in  t h i s  
t a b l e ,  was s i g n i f i c a n t .
D isc u ss io n
The o b j e c t i v e s  o f  t h i s  r e s e a r c h  w ere t o  answer t h r e e  
q u e s t io n s :  (1 )  W i l l  a c o n s ta n t  s p e e c h - to - n o i s e  r a t i o  r e s u l t
in  s i m i l a r  r e c o g n i t i o n  s c o re s  f o r  a l l  l e v e l s  o f  sp eak ing  
e f f o r t s ;  (2 )  I s  t h e r e  an optimum sp e ak in g  e f f o r t  f o r  sp e ak e r  
r e c o g n i t i o n  w i th  h ig h  n o is e  l e v e l s ;  and (3 )  W il l  a c o n s ta n t  
s p e e c h - to - n o i s e  r a t i o  r e s u l t  i n  s i m i l a r  r e c o g n i t i o n  s c o re s  
f o r  n o rm a l - s h o u t ,  w h isp e r -n o rm a l ,  and w h is p e r - s h o u t  sp eak in g  
e f f o r t  com parisons?  The r e s u l t s  i n d i c a t e  th e  answ ers to  
th e s e  q u e s t io n s  t o  be: (1 )  A c o n s ta n t  s p e e c h - to - n o i s e  r a t i o
does n o t  r e s u l t  in  s i m i l a r  r e c o g n i t i o n  s c o re s  f o r  th e  N-N 
S -S , and W-W sp e ak in g  e f f o r t  c o m p ar iso n s .  In d eed , w h isp e r in g  
t a l k e r s  a r e  d i f f i c u l t  to  r e c o g n iz e  in  n o i s e  compared to  
t a l k e r s  u s in g  t h e  norm al o r  sh o u t e f f o r t .  ( 2 )  The norm al
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TABLE 8
TOTAL NUMBER OF ERRORS AS A FUNCTION OF SPEAKING EFFORT 
PRESENTATION ORDER AND TALKER AT TWO NOISE LEVELS
T a lk e r N-S S-N W-N N-W W-S S-W
59.1 dB SPL
1 24 26 30 38 33 33
2 30 27 27 29 21 26
3 22 20 40 34 38 40
4 26 37 25 27 33 30
5 36 30 21 33 36 32
6 20 28 22 20 34 31
Mean 26 28 27 30 32 32
^ o b ta in e d ' 613 1.00 •349
62 .3 dB SPL
1 26 28 33 30 30 34
2 30 27 16 21 22 19
3 25 30 37 30 30 44
4 30 38 30 21 30 22
5 37 39 27 16 26 29
6 32 28 27 24 29 26
Mean 30 31 28 23 27 29
^ o b ta in e d •889 2 .00 •430
NOTE I Maximum number o f  p a i r s  ( o r  e r r o r s )  i s  110 
f o r  e a c h  t a l k e r  and sp eak ing  e f f o r t  com parison  (N-S, W-N, 
o r  W-S) a t  one n o i s e  l e v e l  (55 p a i r s  f o r  each  p r e s e n t a t i o n  
o r d e r ) .  The 110 p a i r s  a r e  s a m e - ta lk e r  com parisons  o n ly .
*£< .05 , t ( 5 )  » 2 .5 7 1 . 
**£< .01 , t ( 5 )  =» 4 .0 3 2 .
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sp e ak in g  e f f o r t  i s  th e  m ost f a v o r a b le  c o n d i t i o n  f o r  sp e ak e r  
r e c o g n i t i o n  w i th  h ig h  b ro ad -b an d  n o i s e  l e v e l s .  And (3 )  A 
c o n s t a n t  s p e e c h - to - n o i s e  r a t i o  r e s u l t s  in  s i m i l a r  r e c o g n i t i o n  
s c o re s  f o r  t h e  N-S, W-N, and W-S sp e a k in g  e f f o r t  c o m p a riso n s .  
E q u a l ly  im p o r ta n t ,  t h e s e  poor r e c o g n i t i o n  s c o re s  f o r  a l l  
n o i s e  l e v e l s  a re  in  sh a rp  c o n t r a s t  t o  t h e  r e s u l t s  f o r  th e  
N-N, S-S , and W-W sp e a k in g  e f f o r t  c o m p a r iso n s .
P a s t  sp e a k e r  r e c o g n i t i o n  r e s e a r c h  h as  n o t  i n v e s t i ­
g a te d  th e  e f f e c t  o f  sp e a k in g  e f f o r t  in  n o i s e  f o r  human o r  
m achine a n a l y s i s .  A lth o u g h  one s tu d y  h as  r e p o r t e d  t h e  e f f e c t  
o f  n o i s e  upon s p e a k e r  r e c o g n i t i o n  f o r  man ( C la rk e ,  B ecker, 
and Nixon, 1966) and one s tu d y  has r e p o r t e d  th e  e f f e c t  o f 
n o i s e  upon sp e a k e r  r e c o g n i t i o n  f o r  m achine (D oddington  and 
H ydrick , 1975), a d i r e c t  com parison  o f  th e  p r e s e n t  r e s u l t s  
w i th  th e s e  s t u d i e s  i s  im p o s s ib le  b ecau se  speech  l e v e l ,  ty p e  
o f  n o i s e ,  and sp eech  m a t e r i a l  w ere e i t h e r  n o t  s p e c i f i e d  o r  
d i f f e r e d  from t h i s  e x p e r im e n t .  N e v e r th e l e s s ,  t h e r e  a r e  
o t h e r  s t u d i e s  w hich c l a r i f y  t h e  p r e s e n t  f i n d i n g s .
The main c o n c lu s io n  to  emerge in  t h i s  s tu d y  was 
t h a t  l i s t e n e r s  can n o t  r e c o g n iz e  t a l k e r s  who change t h e i r  
sp eak in g  e f f o r t .  The work o f  C lave and R e i tv e ld  (1 9 7 5 ) ,
Thomas (1 9 6 9 ) ,  and M eyer-E pp le r  (1957) i n d i c a t e  chang ing  
s p e c t r a l  in fo rm a t io n  t o  be t h e  s p e c i a l  c lu e  f o r  t h e  p e r c e p t io n  
o f  sp e ak in g  e f f o r t s .  In  t h e  c a s e  o f  s h o u t in g .  C lave and 
R ie tv e ld  examined a s p e c t r a l  a n a l y s i s  o f  vow els spoken w i th  
and w i th o u t  e f f o r t .  They d is c o v e r e d  th e  s p e c t r a  o f  vowels
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spoken w i th  e f f o r t  have much more e n e rg y  i n  th e  h ig h e r  
f re q u e n c y  r e g i o n s  and show a d e c r e a s e  in  e n e rg y  a t  th e  lower 
end o f  th e  f r e q u e n c y  sc a le *  O th e r  r e s e a r c h e r s  have n o te d  
th e  i n c r e a s e  in  e n e rg y  f o r  th e  m id d le -  and h ig h - f r e q u e n c y  
components o f  t h e  speech  spec trum ; how ever, t h e s e  r e p o r t s  
i n d i c a t e  t h a t  low f re q u e n c y  components i n c r e a s e  in  e n e rg y  
a l s o  ( L i c k l i d e r ,  Hawley, and W a lk lin g ,  1955; P e a rs o n s ,
B e n n e t t ,  and F i d e l l ,  1976 ) ,  R e l a t i v e l y  sp e a k in g ,  low 
f re q u e n c y  ch an ges  a r e  n o t  a s  g r e a t  a s  th e  m id d le -  and h ig h -  
f re q u e n c y  c h a n g e s .  In  o r d e r  t o  d e te rm in e  i f  t h e  dependence  
o f  lo u d n ess  upon p h y s i o l o g i c a l  e f f o r t  c o u ld  be e x p la in e d  in  
te rm s  o f  t h e  s p e c t r a l  s t r u c t u r e  o f  th e  s i g n a l ,  Gla v e  and 
R ie tv e ld  compared e m p i r i c a l  e f f o r t  and n o n e f f o r t  lo u d n ess  
d a t a  w i th  c a l c u l a t e d  e f f o r t  and n o n e f f o r t  lo u d n e s s  o f  th e  
same s t i m u l i .  I n t e n s i t y ,  fu n d am en ta l  f re q u e n c y ,  and d u r a t i o n  
were  h e ld  c o n s t a n t  in  t h e i r  e x p e r im e n ts .  Loudness was 
computed a c c o rd in g  t o  Z w ic k e r 's  model o f  lo u d n e s s  c a l c u l a t i o n ,  
w hich  i s  b a sed  upon th e  f u n c t i o n a l  c o r re sp o n d e n c e  betw een 
m asking and io u a n e s s ,  and w hich i s  s u b s t a n t i a t e d  by d a ta  on 
t h e  c r i t i c a l  f r e q u e n c y  b an d w id th s  o f  t h e  e a r  ( K r y te r ,  1970), 
W ith  r e s p e c t  t o  t h e  r e l a t i v e  l e v e l ,  l i s t e n e r  lo u d n e s s  and 
c a l c u l a t e d  lo u d n e s s  a g re e d  in  e f f o r t - d e p e n d e n t  lo u d n ess  
d i f f e r e n c e s .  The c o m p a ra t iv e  lo u d n e s s  d a t a  su g g e s te d  t h a t  
e f f o r t - d e p e n d e n t  speech  lo u d n ess  chang es  were due t o  pu re  
s p e c t r a l  c h a n g e s .  S p e c t r a l  changes  a r e  a l s o  p r e s e n t  f o r  
w h isp e re d  sp e e c h ,  M eyer-E pp ler  (1957) h a s  shown t h a t  changes
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o f  p i t c h  in  norm al sp eech  a r e  r e o l a c e d  in  w h isp e red  speech  
by s h i f t s  o f  some fo rm ant r e g io n s  accom panied by added n o is e  
betw een th e  h ig h e r  fo rm a n ts .  A s p e c t r o g r a p h ic  a n a l y s i s  o f  
w h isp e red  vow els and words r e v e a l e d  th e s e  r e s u l t s .  In  
a d d i t i o n  t o  t h i s  s tu d y ,  Thomas (1969) p r e s e n t s  e v id e n c e  o f  
s p e c t r a l  change f o r  w h isp e re d  v o w e ls .  He n o t e s  th e  a p p ro x i ­
m a te ly  e q u a l  a m p l i tu d e s  f o r  fo rm an ts  one and two f o r  a l l  
vowel sam p les .  These s t u d i e s  s u g g e s t  th e  m ain c o n c lu s io n  
o f  t h i s  ex p e r im en t  can  be e x p la in e d  in  te rm s  o f  chang ing  
s p e c t r a l  in fo r m a t io n .  That i s ,  i f  t h e  l i s t e n e r s  a t t e n d e d  
to  s p e c t r a l  c lu e s  f o r  making t h e i r  t a l k e r  r e c o g n i t i o n  
jud gm en ts ,  th e n  one would p r e d i c t  p o o r  r e c o g n i t i o n  p e r f o r ­
mance f o r  th o s e  com parisons  (N-S, W-N, and W-S) in  w hich  th e  
t a l k e r  changed h i s  sp e ak in g  e f f o r t .  By th e  same r e a s o n in g ,  
good r e c o g n i t i o n  s c o r e s  would be e x p e c te d  f o r  th o s e  co m p ar i­
sons in  w hich  t h e  t a l k e r  d id  n o t  change h i s  sp e ak in g  e f f o r t .
A lthou gh  t h i s  e x p la n a t io n  p ro v id e s  a p l a u s i b l e  
acco u n t f o r  t h e  p r e s e n t  r e s u l t s ,  i t  i s  n e c e s s a r y  to  c o n s id e r  
two a l t e r n a t i v e  e x p la n a t i o n s .  F i r s t ,  i s  t h e  main r e s u l t  
due t o  a l i s t e n e r  r e s p o n s e  b ia s ?  The term  re s p o n s e  b i a s  
(o r  r e s p o n s e  c r i t e r i o n )  r e f e r s  t o  l i s t e n e r s '  t e n d e n c ie s  t o  
f a v o r  one re s p o n s e  o v e r  th e  o t h e r ,  in d ep e n d en t  o f  s t im u lu s  
d i s c r i m i n a b i l i t y .  A ccord ing  t o  t h i s  h y p o th e s i s ,  a l i s t e n e r  
would e i t h e r  resp o n d  w i th  many d i f f e r e n t - t a l k e r  d i f f e r e n t i a ­
t i o n s  (w hich r e p r e s e n t s  a c r i t e r i o n  t h a t  a t t e m p ts  to  a v o id  
e r r o r s )  o r  re sp o n d  w i th  many s a m e - ta lk e r  ju d g m en ts .  One
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would e x p e c t ,  th e n ,  t o  f i n d  poor r e c o g n i t i o n  s c o re s  f o r  th e  
N-S, W-N, and W-S com parisons  f o r  a l l  n o i s e  l e v e l s  w i th  
e i t h e r  b i a s  o p e r a t in g .  The e f f e c t  o f  r e s p o n s e  b i a s  f o r  
t h e s e  com parisons  a t  th e  n o i s e  l e v e l  o f  62 .3  dB SPL was 
a s s e s s e d  a c c o rd in g  t o  a method su g g e s te d  by McNicol (1972, 
p .  12 6). The aim o f  t h i s  method was to  f in d  th e  p o in t  on 
th e  l i s t e n e r ' s  r a t i n g  s c a l e  a t  w hich he was e q u a l ly  d isp o se d  
to  s a m e - ta lk e r  and d i f f e r e n t - t a l k e r  r e s p o n s e s .  T h is  non- 
p a ra m e t r ic  a n a l y s i s  o f  r e s p o n se  b i a s  i n d i c a t e d  t h e r e  was no 
p r e f e r e n c e  f o r  s a m e - ta lk e r  o r  d i f f e r e n t - t a l k e r  judgm ents .
In  o t h e r  w ords , l i s t e n e r s  averaged  e i t h e r  a 3 .7  o r  3 .5  
b e ta  m easure  f o r  t h e  s i x - p o i n t  r a t i n g  s c a l e  f o r  each  o f  th e  
sp e ak in g  e f f o r t  c o m p a r iso n s .  The d a t a  i s  g iv en  in  Table  9 .
As a r e s u l t  i t  can be conc lud ed  t h a t  a r e s p o n s e  b i a s  i s  n o t  
r e s p o n s i b l e  f o r  th e  poor r e c o g n i t i o n  f o r  th e  N-S, W-N, and 
W-S sp e ak in g  e f f o r t  co m p ariso n s .
A more v i a b l e  a l t e r n a t i v e  e x p la n a t io n  f o r  th e  main 
r e s u l t s  i s  t h a t  t h e  l i s t e n e r s  a t t e n d e d  t o  p i t c h  d i f f e r e n c e s  
among th e  sp e ak in g  e f f o r t s  f o r  t a l k e r  r e c o g n i t i o n  judgm ents. 
Fundam ental v o ic e  f re q u e n c y  in fo rm a t io n  was n o t  h e ld  c o n s ta n t  
in  t h i s  s tu d y .  Ladefoged and McKinney (1963) and H irano , 
O ha la , and Vennard (1969) p r e s e n t  e v id e n c e  t h a t  t h e  funda­
m en ta l  f req u e n cy  i n c r e a s e s  w i th  vowel l e v e l .  A tk inson  (1976) 
s u g g e s t s  t h a t  t h e r e  i s  a s  much i n t r a s p e a k e r  v a r i a b i l i t y  fo r  
fund am en ta l  v o ic e  f re q u e n c y  a s  i n t e r s p e a k e r .  I f  p e r c e p t u a l l y  
d i f f e r e n t  fu n dam en ta l  f r e q u e n c ie s  a r e  p r e s e n t  in  th e  sh o u ts
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TABLE 9
BETA SCORES FOR EACH LISTENER AT 6 2 .3  dB SPL
L is t e n e r  Speaking  E f f o r t  Comparison
N-S W-N W-S
I 4 .27 3 .26 3 .29
2 4 .6 3 4 .2 0 4 .6 1
3 3 .6 4 3 .88 4 .0 0
4 3 .25 3 .3 0 3 .81
5 1.91 1.87 2 .5 6
6 3 .62 4 .1 9 3 .8 2
7 3 .31 4 .0 5 3 .11
8 5 .4 0 5 .1 4 5 .2 2
9 4 .3 8 3 .4 0 2 .4 2
10 3 .51 3 .21 3 .0 8
11 3 .6 4 2 .77 2 .59
Mean 3 .7 7 3.57 3 .5 0
S td .  Dev. .89 .86 .8 8
NOTEI B eta  i s  d e f in e d  a s  t h e  r a t i n g  s c a l e  c a te g o r y  
a t  w hich  t h e  P ro b ( s a m e - ta I k e r  r e s p o n se  I s a m e - ta lk e r  p a i r )  + 
P r o b ( s a m e - ta lk e r  r e s p o n s e  I d i f f e r e n t - t a l k e r  p a i r )  = 1.
Sm all b e ta  s c o r e s  i n d i c a t e  a p r e f e r e n c e  f o r  s a m e - ta lk e r  
r e s p o n s e s  and l a r g e  b e ta  s c o r e s  a p r e f e r e n c e  f o r  d i f f e r e n t -  
t a l k e r  r e s p o n s e s .
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and w h is p e r s  a s  compared t o  th e  norm al sp e ak in g  e f f o r t ,  and 
th e  l i s t e n e r s  u t i l i z e d  r e l a t i v e  p i t c h  in fo rm a t io n  f o r  t a l k e r  
d i f f e r e n t i a t i o n s ,  th e n  i t  i s  l i k e l y  t h e r e  would be poor 
t a l k e r  r e c o g n i t i o n  f o r  th e  N-S, W-N, and W-S sp e ak in g  e f f o r t  
c o m p a r iso n s .  Matsumoto e t  a l .  (1973) d e m o n s tra te  t h a t  th e  
r e l a t i v e  c o n t r i b u t i o n  o f  t h e  "mean fu n d am en ta l  p i t c h  f r e ­
quency" to  th e  p e r c e p t io n  o f  t h e  p e r s o n a l  q u a l i t y  o f  v o ic e  
i s  g r e a t e r  th a n  t h a t  o f  fo rm an t f r e q u e n c ie s  and g l o t t a l  
s o u rc e  sp ec trum  s lo p e .  F u tu re  s t u d i e s  sh o u ld  be d i r e c t e d  
tow ard s  i l l u m i n a t i n g  th e  r e l a t i v e  im p o rtan ce  o f  s p e c t r a l  
bandw id th  ( o r  o t h e r  k in d s  o f  s p e c t r a l  in fo r m a t io n )  and p i t c h  
changes  t o  th e  l i s t e n e r  f o r  d i s c r i m i n a t i n g  th e  dynamic n a tu r e  
o f  sp e a k e r  r e c o g n i t i o n .
A second and l e s s  s u r p r i s i n g  f i n d in g  o f  th e  p r e s e n t  
r e s e a r c h  was t h a t  t a l k e r  r e c o g n i t i o n  in  n o i s e  i s  p o o r e s t  f o r  
t h e  w h isp e r  sp e ak in g  e f f o r t  co m p a r iso n .  Two p re v io u s  
s t u d i e s  ( P o l l a c k ,  P i c k e t t ,  and Sumby, 1954; W il l ia m s ,  1971) 
have shown poor t a l k e r  i d e n t i f i c a t i o n  f o r  w h isp e red  sp e ec h .  
A ccord ing  t o  P o l la c k ,  P i c k e t t ,  and Sumby, w h is p e r in g  t a l k e r s  
a r e  d i f f i c u l t  to  i d e n t i f y  b e c a u se  t h e i r  v o ic e s  sound a l i k e  
in  a v e rag e  p i t c h .  W hile t h i s  i s  t r u e ,  t h e r e  i s  an a d d i t i o n a l  
e x p la n a t io n  f o r  t h e  p o o re r  t a l k e r  r e c o g n i t i o n  o f  t h e  w h is p e r -  
w h isp e r  sp e ak in g  e f f o r t  co m p ariso n  in  n o i s e  compared to  t h e  
N-N and S-S sp eak in g  e f f o r t s  f o r  t h i s  s tu d y .  T h is  e x p la n a ­
t i o n  fo c u s e s  upon t h e  c o n so n an t-v o w e l  i n t e n s i t y  r a t i o  w i th in  
th e  s y l l a b l e  a s s o c i a t e d  w i th  e a c h  sp e a k in g  e f f o r t  and i t s
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e f f e c t  on t h e  i n t e l l i g i b i l i t y  o f  speech  sounds in  n o i s e .
For t h e  norm al c o n v e r s a t io n a l  e f f o r t  t h e  l e v e l  o f  th e  
a v e ra g e  co n so n an t  i s  s u b s t a n t i a l l y  low er th a n  t h a t  o f  th e  
a v e ra g e  vow el, a p p ro x im a te ly  -15  dB. T h is  d i s p a r i t y  i s  
s m a l le r  f o r  w h isp e re d  speech  s y l l a b l e s  ( - 7  dB) and a p p r o x i ­
m a te ly  t h e  same f o r  sh o u te d  sp eech  s y l l a b l e s  ( -1 4  dB) 
( F a i rb a n k s  and M iron , 1957). I t  a l s o  i n t e r a c t s  w i th  sex  o f  
th e  s p e a k e r .  In  o t h e r  w ords , th e  co n so n an t  ra n g e  f o r  women 
was a b o u t  4 dB s m a l l e r  th a n  t h a t  o f  t h e  men. The i n t e l l i ­
g i b i l i t y  o f  words h e a rd  in  n o i s e  and spoken w i th  d i f f e r e n t  
amounts o f  e f f o r t  was m easured by P i c k e t t  in  1956. The 
r e s u l t s  show l e s s  th a n  5% d e t e r i o r a t i o n  in  i n t e l l i g i b i l i t y  
o v e r  th e  ra n g e  from a m o d e ra te ly  low v o ic e  t o  a v e ry  loud 
v o i c e .  Beyond t h e s e  p o i n t s  i n t e l l i g i b i l i t y  d e c re a s e s  
a b r u p t l y .  In  an im p o r ta n t  a n a l y s i s  o f  l i s t e n e r  e r r o r s  he 
d e te rm in e d  th e  i n t e l l i g i b i l i t y  o f  d i f f e r e n t  so u n d -p ro d u c in g  
movements a s s o c i a t e d  w i th  th e  ex tre m e s  o f  sp e ak in g  e f f o r t .
T h is  a n a l y s i s  showed s h o u t in g  r e d u c e s  th e  i n t e l l i g i b i l i t y  
o f  t h e  i n i t i a l  and f i n a l  p a r t s  o f  t h e  s y l l a b l e  w h i le  
w h is p e r in g  d e g ra d e s  th e  i n t e l l i g i b i l i t y  o f  a l l  p a r t s  o f  th e  
s y l l a b l e .  I t  i s  l i k e l y ,  th e n ,  t h a t  th e  co n son an t-v ow el 
i n t e n s i t y  r a t i o  and a s s o c i a t e d  s p e c t r a l  c h a r a c t e r i s t i c s  o f  
w h isp e r s  c o n t r i b u t e d  t o  p o o re r  r e c o g n i t i o n  s c o r e s .
The r e a l  s i g n i f i c a n c e  o f  t h e  f i n d in g s  of t h i s  work 
l i e  w i th  th e  i m p l i c a t i o n s  f o r  m achine r e c o g n i t i o n  o f  s p e a k e r s .  
Lombard n o ted  in  19I I  t h a t  a sp e a k e r  w i th  norm al h e a r in g
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u n c o n s c io u s ly  changes  h i s  v o ic e  l e v e l  when th e  am bien t n o i s e  
l e v e l  c h an g e s .  D uring com m unication , t h e  sp e a k e r  makes th e s e  
m atches  t o  com pensa te  f o r  changes in  s i g n a l - t o - n o i s e  r a t i o .
He m atches h i s  v o ic e  l e v e l  i n v e r s e l y  t o  a p p a re n t  changes in  
s i g n a l  l e v e l ,  and d i r e c t l y  t o  changes  in  t h e  n o i s e  l e v e l .
The e f f o r t  t o  com pensate  f o r  t h e s e  changes  in  th e  s i g n a l - t o -  
n o i s e  r a t i o ,  o r  t o  m atch d i r e c t l y  changes in  th e  n o i s e  l e v e l ,  
t y p i c a l l y  f a l l s  ab ou t h a lfw ay  s h o r t  ( i n  d e c i b e l  u n i t s ) .  T h is  
i s  p ro b a b ly  b e ca u se  a sp e a k e r  c o n s id e r s  t h a t  he  h as  doubled  
h i s  own v o c a l  l e v e l  i n  h a l f  a s  many d e c i b e l s  a s  i t  t a k e s  
t o  d o u b le  t h e  lo u d n ess  o f  t h e  s i g n a l  o r  t h e  n o i s e  (L ane, T ra n e l ,  
and S i s s o n ,  1970; Lane and T r a n e l ,  1971). The Lombard, o r  
v o ic e  r e f l e x ,  e f f e c t  r e s u l t s  i n  speech  w i th  c h a r a c t e r i s t i c s  
d i f f e r e n t  from th o s e  o f  speech  t h a t  i s  p roduced  w i th  th e  
norm al sp e a k in g  e f f o r t .  The p r e s e n t  r e s e a r c h  r e s u l t s  f o r  
t h e  n o rm a l-sh o u t  sp e ak in g  e f f o r t  com parison  show t h a t  t h i s  
change o f  c h a r a c t e r i s t i c s ,  w h i le  an e f f e c t i v e  way t o  combat 
n o i s e  i n t e r f e r e n c e  and improve sp eech  i n t e l l i g i b i l i t y ,  
d e s t r o y s  sp e a k e r  r e c o g n i t i o n  f o r  humans. The obv ious  
q u e s t io n  su g g e s te d  by th e  r a t h e r  s u r p r i s i n g  l i s t e n e r  p e r ­
form ance i s ,  "W il l  a machine e x p e r ie n c e  t h e  same d e g re e  of 
d i f f i c u l t y  v e r i f y i n g  a t a l k e r  who r a i s e s  h i s  sp eak in g  l e v e l  
in  a n o i s y  env ironm en t?"  Indeed , i s  n o t  t h e  sp e ak in g  e f f o r t  
change a s  s e r i o u s  a problem  a s  n o i s e  f o r  e f f e c t i v e  com puter-  
based  sp e a k e r  r e c o g n i t i o n  system s? S e v e ra l  d i r e c t i o n s  fo r  
f u r t h e r  work a r e  e v i d e n t .  These a r e  i d e n t i f i c a t i o n  o f  th e
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sp eech  p a ra m e te rs  w hich a c c u r a t e l y  v e r i f y  t a l k e r s  who change 
sp e ak in g  e f f o r t ,  d e te r m in a t io n  o f  th e  t a l k i n g  and n o i s e  
l e v e l  r a n g e s  a t  w hich  v a r io u s  m achine v e r i f i c a t i o n  system s 
pe rfo rm  e f f e c t i v e l y ,  and d i f f e r e n t i a t i o n  o f  i n d i v i d u a l  and 
sex  v a r i a t i o n s  a s s o c i a t e d  w i th  sp e ak in g  e f f o r t  changes in  
n o i s e .  F i n a l l y ,  s t u d i e s  sh ou ld  p u rsu e  w h e th e r  a w h isp e r  
sp e ak in g  e f f o r t  o r  sp e a k e r  r e c o g n i t i o n  t a s k  o r  b o th  would 
make an e f f i c i e n t  and s e n s i t i v e  speech  e v a l u a t i o n  t e s t  f o r  
h ig h  q u a l i t y  speech  sy s te m s . A ccord ing  to  W ebster (1 9 7 8 ) ,  
no i n t e l l i g i b i l i t y  t e s t ,  o f  and by i t s e l f ,  i s  d i f f i c u l t  
enough to  be an e f f i c i e n t  t e s t  f o r  e v a l u a t i n g  h ig h ly  i n t e l ­
l i g i b l e  system s such  a s  v o c o d ers  o r  speech  com press ion  
sy s te m s . Even 1000 nonsense  s y l l a b l e s  have an i n t e l l i g i b i l i t y  
o f  g r e a t e r  th a n  90%,
In summary, th e  main r e s u l t  t o  emerge in  t h i s  s tu d y  
was t h a t  l i s t e n e r s  can n o t r e c o g n iz e  t a l k e r s  who change t h e i r  
sp e ak in g  e f f o r t .  A second and l e s s  s u r p r i s i n g  f i n d in g  was 
t h a t  t a l k e r  r e c o g n i t i o n  in  n o i s e  i s  p o o re s t  f o r  th e  w h isp e r  
sp e ak in g  e f f o r t  com parison . E x p la n a t io n s  f o r  th e s e  r e s u l t s  
su g g e s t  t h e  un iqu e  s p e c t r a l  in fo rm a t io n  and co n so n an t-v o w e l 
i n t e n s i t y  r a t i o  w i th in  th e  s y l l a b l e  a s s o c i a t e d  w i th  each  
sp e ak in g  e f f o r t  t o  be t h e  s p e c i a l  cu es  f o r  n o t  d i s c r im i n a t in g  
th e  dynamic n a tu r e  o f  sp e a k e r  r e c o g n i t i o n .  The p re s e n t  
r e s u l t s  a l s o  im ply th e  Lombard r e f l e x  t o  be a s e r io u s  
problem  f o r  e f f e c t i v e  com p u te r-b ased  sp e ak e r  r e c o g n i t i o n  
sy s te m s . F u tu re  r e s e a r c h  must i d e n t i f y  th o s e  speech  p a ra m e te rs  
which a c c u r a t e l y  v e r i f y  t a l k e r s  who change sp e ak in g  e f f o r t .
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PERCENTAGE CORRECT SCORES FOR THE NORMAL-NORMAL 
SPEAKING EFFORT COMPARISON
L is te n e r
59.1 6 2 .3 65 .7
dB SPL 
6 9 .8 71.7 72 .6 7 4 .0
1 99 .1 9 3 .3 9 7 .5 85 .8 86 .6 8 5 .0 7 5 .8
2 99 .1 9 3 .3 9 0 .8 9 2 .5 97 .5 88 .3 7 0 .0
3 85 .0 99 .1 9 8 .3 9 0 .8 9 5 .0 74.1 69 .1
4 99 .1 89.1 7 3 .3 86 .6 9 0 .0 7 6 .6 7 0 .8
5 9 0 .8 9 0 .0 84.1 9 3 .3 79.1 7 0 .0 4 4 .1
6 99 .1 94 .1 87 .5 94 .1 9 0 .0 7 3 .3 4 8 .3
7 100.0 9 7 .5 9 0 .8 9 3 .3 89.1 72 .5 5 8 .3
8 9 8 .3 9 8 .3 9 1 .6 9 5 .0 9 6 .6 8 0 .8 4 7 .5
9 9 5 .8 9 0 .8 9 0 .0 9 0 .0 9 1 .6 78 .3 62 .5
10 9 6 .6 99 .1 9 0 .0 9 3 .3 9 0 .8 8 5 .8 6 1 .6
11 99 .1 99 .1 9 3 .3 9 0 .0 89.1 7 1 .6 62 .5
Mean 96 .5 9 4 .8 89.7 9 1 .3 9 0 .4 7 7 .8 60 .9
Scd* Dev. 4 .6 3 .8 6 .7 3 .0 5 .0 6 .3 10.5
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TABLE 11
PERCENTAGE CORRECT SCORES FOR THE SHOUT-SHOÜT 
SPEAKING EFFORT COMPARISON
L is te n e r
5 9 .1 62 .3 65 .7
dB SPL 
6 9 .8 71.7 72 ,6 7 4 ,0
1 8 6 .8 9 6 .6 87.5 89 .1 77 .5 6 3 .3 59 .1
2 100.0 100 .0 9 3 .3 9 5 .8 9 6 .6 80 .8 5 8 .3
3 9 7 .5 100 .0 9 6 .6 9 5 .0 9 3 .3 7 0 .8 6 3 .3
4 9 5 .8 9 7 .5 8 5 .8 9 4 .1 83.3 6 1 .6 5 0 .0
5 9 5 .8 9 1 .6 87 .5 9 0 .8 73 .3 5 8 .3 5 0 .0
6 9 6 .6 9 2 .5 9 0 .8 87 .5 89.1 5 8 .3 5 0 .0
7 100 .0 9 6 .6 9 6 .6 87 .5 89.1 6 5 .8 4 5 .8
8 9 7 .5 9 7 .5 9 6 .6 9 5 .8 94 .1 6 0 .8 5 6 .6
9 9 5 .8 9 3 .3 84.1 8 5 .8 89.1 69 .1 54 .1
10 99 .1 9 9 .1 100 .0 8 5 .0 94 .1 76 .6 5 5 .8
11 85 .0 9 8 .3 9 7 .5 8 8 .3 79.1 73 .3 5 5 .8
Mean 9 5 .4 9 6 .6 9 2 .3 9 0 .4 87.1 67 .1 5 4 .4
S td ,  Dev. 4 .9 2 .9 5 .4 4 .0 7 .7 7 .5 5 .0
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TABLE 12
PERCENTAGE CORRECT SCORES FOR THE WHISPER-WHISPER 
SPEAKING EFFORT COMPARISON
L i s t e n e r
5 9 .1 6 2 .3
dB SPL 
65 .7 6 9 .8 71 .7
1 7 8 .3 68 .3 72 .5 6 0 .0 6 1 .6
2 9 3 .3 9 0 .0 8 5 .8 7 1 .6 5 5 .8
3 9 1 .6 86 .6 80 .8 6 0 .8 6 1 .6
4 9 5 .0 6 1 .6 7 2 .5 5 8 .3 4 6 .6
5 85 .8 78 .3 80 .8 6 1 .6 62 .5
6 94 .1 80 .0 8 5 .0 6 5 .8 5 3 .3
7 89.1 84.1 7 8 .3 6 4 .1 57 .5
8 9 3 .3 8 6 .6 87 .5 71 .6 4 5 .8
9 9 1 .6 9 0 .8 7 5 .0 54 .1 5 0 .0
10 9 2 .5 87 .5 7 3 .3 5 4 .1 5 1 .6
11 8 5 .0 71 .6 8 0 .8 5 6 .6 5 4 .0
Mean 89.9 8 0 .4 79 .3 6 1 .6 54 .5
S td .  Dev. 5 .0 9 .6 5 .4 6 .1 5 .8
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TABLE 13
PERCENTAGE CORRECT SCORES FOR THE NORMAL-SHOUT 
SPEAKING EFFORT COMPARISON





65 .7 6 9 .8
1 5 8 .3 5 0 .0 5 1 .6 5 2 .5
2 79 .1 6 5 .8 64 .1 5 5 .0
3 74 .1 6 3 .3 6 0 .0 5 0 .0
4 6 5 .0 5 5 .8 4 8 .3 5 0 .8
5 5 0 .0 5 4 .1 5 3 .3 5 1 .6
6 5 5 .0 5 7 .5 52 .5 52 .5
7 5 5 .0 5 7 .5 52 .5 5 3 .3
8 6 5 .8 5 6 .6 5 5 .0 54 .1
9 6 2 .5 6 0 .0 5 8 .3 5 2 .5
10 5 9 .1 6 6 .6 54 .1 5 1 .6
11 5 2 .5 5 0 .0 5 0 .0 5 0 .0
Mean 6 1 .4 57 .9 5 4 .5 52 ,1
S td .  Dev. 9 .0 5 .6 4 .6 1 .5
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TABLE 14
PERCENTAGE CORRECT SCORES FOR THE WHISFER-NORMAL 
SPEAKING EFFORT COMPARISON





6 5 .7 6 9 .8
1 6 0 .8 5 5 .8 5 0 .8 49 .1
2 59 .1 6 0 .0 54 .1 5 0 .0
3 5 7 .5 5 5 .8 5 4 .1 5 0 .8
4 5 1 .6 5 0 .0 5 2 .5 49 .1
5 4 8 .3 4 8 .3 5 1 .6 5 0 .0
6 59 .1 6 3 .3 5 5 .0 49 .1
7 5 6 .6 6 2 .5 5 5 .0 5 0 .0
8 5 5 .8 63 .3 5 2 .5 5 1 .6
9 6 1 .6 6 3 .3 5 3 .3 51 .6
10 5 5 .0 56 .6 5 3 .3 52 .5
11 4 8 .3 5 3 .3 52 .5 51 .6
Mean 55 .7 5 7 .4 53 .1 5 0 .4
S td .  Dev. 4 .6 5 .4 1.3 1.1
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TABLE 15
PERCENTAGE CORRECT SCORES FOR THE WHISPER-SHOUT 
SPEAKING EFFORT COMPARISON





65 .7 6 9 .8
1 50 .8 4 8 .3 5 1 .6 49 .1
2 56 .6 4 6 .6 5 0 .0 5 0 .0
3 52 .5 58 .3 53 .3 5 1 .6
4 5 0 .0 5 3 .3 52 .5 49 .1
5 4 8 .3 54 .1 5 2 .5 5 0 .8
6 4 6 .6 52 .5 54 .1 5 0 .0
7 52 .5 4 6 .6 5 3 .3 5 0 .8
8 5 6 .6 5 5 .0 54 .1 5 3 .3
9 5 5 .8 57 .5 5 0 .8 5 0 .0
10 51 .6 6 7 .5 54 .1 52 .5
11 4 6 .6 5 3 .3 51 .6 5 0 .0
Mean 5 1 .6 53 .9 52 .5 5 0 .6
S td ,  Dev. 3 .6 5 .9 1 .4 1 .3
